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PREFACE

<y LECTROMAGNETIC waves in the ultra-high-frequency domain

have found more numerous applications and rapidly increasing
- usefulness in recent times. The construction of vacuum tubes
within which ultra-high-frequency energy may be generated, modu-
lated, amplified, or demodulated, the technique of related and appro-
priate circuit designs and elements, and the development of effective
radiating and receiving antenna systems have all shown great prog-
ress. A number of services have been attracted to the ultra-high-
frequency channels including such diverse branches of radio as sound
broadcasting, aircraft communication, television broadcasting, police
communications, facsimile broadcasting, and radio relay systems. It
is evident that a new and major branch of radio engineering is here
in progress of development.

Attractive possibilities and considerable promise are shown by the
u-h-f communication systems. Their advantageous features include
extremely compact antenna systems or, alternatively, systems produc-
ing a concentration of energy with a resultant which is equivalent to
a gain in transmitter power; compact and lightweight transmitting
and receiving apparatus; greatly reduced levels of natural interference
which permit comparatively low powers to be used for effective medium-
range reception with low noise levels; a relatively high degree of
constancy of the received signal irrespective of secular, diurnal, and
atmospheric changes; and a comparative absence of the sky wave with
consequent fairly definite limitation both of the service range and of
the usual interference area. Certain of these characteristic advantages
become increasingly evident in the higher frequency portions of the
u-h-f domain and in the ‘“micro-wave’”, sub-meter, or centimeter-wave
region.

A further significant development, finding one of its first practical
applications in the u-h-f field, is frequency modulation of the carrier
wave. There exist numerous possible variations in the controlling
parameters of the transmission, in the design and utilization of the
transmitting equipment, and in the construction of the corresponding
receivers. For this reason, as well as the high-quality communication
possibilities of frequency modulation, this type of intelligence trans-
mission has been the subject of engineering study for some time and
increasingly attracts the attention of research and development work-
ers in the u-h-f field.

It is therefore timely to present in convenient and assembled form
a group of contributions to ultra-high-frequency radio engineering,
including studies of frequency modulation, which originated in the
laboratories of the Radio Corporation of America.

iii
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In the preparation of this book, a problem of selection was encoun-
tered. The large number of available and technically meritorious
papers would in the aggregate have required a number of pages
exceeding those which could conveniently be included in this volume.
Accordingly it became necessary to choose certain of the papers for
presentation in this book in summary form rather than in full. It
must be emphasized that adherence to a subject-classification plan with
suitably distributed emphasis determined the selection of papers to
be published in full, and that the presentation of a paper in summary
form in no wise indicates any lack of technical or literary merit or
importance. The technical papers have been arranged according to the
following general classification: Ultra-High Frequencies below 300
Mec, with the sub-divisions of Transmitting Methods and Equipment,
Propagation and Relaying, Measurements, and Reception; and Ultra-
High Frequencies above 300 Mc.

The RCA Institutes Technical Press gratefully acknowledges the
courtesy of authorization of re-publication which has been extended
to it by certain organizations in whose publications some of the papers
in this book have appeared. These organizations include The Institute
of Radio Engineers, McGraw-Hill Publishing Company, and the Radio
Club of America.

The appreciation of the RCA Institutes Technical Press is also
extended to those authors who have written original papers specially
for the present volume. The comprehensive and relevant data concern-
ing ultra-high-frequency phenomena here assembled are offered with
the thought that they may speed developments in this field of radio.
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PART I

SIMPLE TELEVISION ANTENNAS*
By

P. S. CARTER
Engineering Department. R.C.A. Communications, Inc.

Summary—The frequency band widths demanded by high-definition
television have considerable range when considered in relation to resonant
circuits. The transmitting antenna and transmission-line systems must,
therefore, meet stringent requirements if multiple images or ghosts in the
received picture are to be avoided.

Before discussing the characteristics of particular antenna systems, the
transmitting and receiving antenna problems are considered. The fnput
impedance of a transmission line, even when loaded with a resonant circuit
having a Q as low as 2, undergoes considerable variation with frequency
within the transmission band. If the television receiver is designed to pre-
sent a pure resistance to its transmission line, equal to the characteristic
impedance of the latter throughout the transmisgion frequency band, the
receiving antenna requirements are not difficult to meet.

The measured impedance-frequency characteristic of a half-wave dipole
of large diameter conductors, when compared with that obtained for a sim-
ilar antenna of small diameter conductors, shows the advantages of the
former.

A method of impedance matching has been devised whereby the usual
narrowing of the useful frequency band caused by impedance transformation
i8 overcome.

The “folded dipole” antemna and combinations of these units are su-
perior to ordinary dipoles for television purposes. Measurements indicate
that ground and other reflecting surfaces considerably affect the impedance-
frequency characteristics of antennas.

The use of a type of antenna called the “double cone” or “hour glass”
antenne results in a very flat impedance-frequency characteristic at the
input terminals of a transmission line over a wide range of frequency. By
properly proportioning the dimensions of this antenna its tmpedance can be
made to match the characteristic impedance of all practical open-wire trans-
mission lines. The current and electric field distributions along the surfaces
of the conical conductor have been measured. The theory of this antenna
i3 briefly considered.

Curves of the characteristics of the systems discussed are included. For
comparison purposes the measurements of line reflection vs. frequency for
the several antenna systems considered are shown by a family of curves in a
gingle figure.

e H <NHE frequency band demanded by high-definition television
transmission has a width of a few megacycles. Its ratio to the
carrier frequency is of the order of 10 per cent to 15 per cent,

a very substantial range when considered with respect to resonant

circuits. The transmission lines used in conjunction with television

antennas, whether for reception or transmission, rarely have lengths
equivalent to less than two or three wave lengths.

* Presented at the National Convention of the Institute of Radio Engi-
neers, San Francisco, June 27-30, 1939.

Reprinted from RCA Review, October, 1939.
1
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4 Carter: Television Antennas

by nearly 90 degrees for frequencies above or below resonance respec-
tively.

Let us consider the relation between the input impedance of the
line and the reflection coefficient. Line length in terms of wave length
is directly proportional to frequency and therefore a 10 per cent
increase in frequency increases the length of our 10 wave length line
by one wave length. As we proceed from the antenna toward the
transmitter a vector representing the main wave is rotated in a
leading direction through an angle of 10 times 360 degrees at the
carrier frequency, while the vector representing the reflected wave is
rotated in the lagging direction by the same angle. At the input end
of the line, the relation between the main wave and reflected-wave
vectors is the same as though we had rotated the reflected-wave vector
through an angle of 20 times 360 degrees without rotating the main
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wave vector. Figure 4 shows the trace of the terminus of the reflected-
wave vector at the input terminal of our system when we assume the
main vector fixed and the frequency is increased from 90 per cent to
110 per cent of the resonant frequency. The resulting input impedance
has already been shown in Figure 2.

If the reflected-wave vector were of a constant magnitude of 5
per cent throughout the band the input impedance would oscillate
between 90 and 110 ohms as the frequency varies. The reason for this
is that when the frequency is of such a value as to bring the reflected
and main-voltage vectors into phase the vectors representing the main
and reflected current waves are in phase opposition. The resultant
voltage is then 105 per cent of the main-wave voltage and the resultant
current 95 per cent of the magnitude of the main-current wave vector.
The input impedance is therefore (105/95) X 100 = 110 ohms, aporoxi-
mately. When the frequency is such that the main- and reflected-voltage
vectors are in phase opposition the above relations are reversed and
the input impedance becomes approximately 90 ohms.

If we agree on a maximum allowable variation in the input terminal
impedance, we may lay down tolerance rules. Let us assume the allow-
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Carter: Television Antennas b

able limits of this impedance to be 90 per cent and 110 per cent of
the characteristic impedance. The reflection coefficient must then be
less than 5 per cent throughout the frequency band. If the magnitude
of the antenna impedance remains substantially constant and equal to
the characteristic impedance of the line the reactance component,
whether capacitive or inductive, must not be greater than 10 per cent
of the resistive component. In most practical systems both components
vary with frequency and the terminus of the load impedance vector
must lie within the circle as shown in Figure 5.

The transmission lines for use with television transmitting installa-
tions usually can be designed to have efficiencies of better than 90 per
cent; and the consideration of power losses may, therefore, be neglected
without seriously affecting the conclusions resulting from the present -
discussion.

If the transmitter is either very loosely coupled to its transmission
line so as to act, in effect, as a constant-voltage generator, or very

L
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Fig. 7 Fig. 8

tightly coupled so that it becomes approximately equivalent to a con-
stant-current generator, the power radiated from the antenna would
have the same variations as the impedance curve of Figure 2. The
power output under either assumption would be very low. If the trans-
mitter could be represented by a voltage in series with a pure resistance
equal to the characteristic impedance of the line the power output of
our assumed antenna system would be nearly constant over the fre-
quency band in spite of the wide variations in the input terminal
impedance of the transmission line. Under this assumption the power
output would then be as shown in Figure 6. However, such an equiva-
lent circuit representation for an actual transmitter is far from
justified. An alternator in series with a series-tuned circuit having
a low value of resistance relative to the characteristic impedance of
the transmission line is a more nearly true equivalent. The variation
in radiated power will then be considerable. We, therefore, conclude
that in a practical television transmission system the input terminal
impedance of the transmission line feeding the antenna should show
little variation with frequency within the transmission band.
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6 Carter: Television Antennas

THE RECEIVING-ANTENNA PROBLEM

Within regions where the field strength is high a television receiver
may be so designed as to have a substantially constant input resistance
equal to the characteristic impedance of its associated transmission
line within the television transmission band. The receiving antenna is
equivalent to a generator in series with a complex impedance. Both
the resistance and reactive components of this equivalent impedance
vary with frequency but as a first approximation the antenna may be
represented by an alternator together with a series tuned circuit, the
equivalent circuit for the complete system being as shown in Figure 7.

Let us assume the receiver to act as a pure resistance and the
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antenna to be the same as that discussed in the transmitting problem
where the equivalent circuit has a Q of 2. If the transmission line is
designed to match the resistance of the antenna, the power in the
receiver is the same as that shown in Figure 6 for the transmitting
condition where the transmitter is an alternator in series with a pure
resistance equal to the characteristic impedance of the line. Thus we
see that, due to the fact that a receiver may be designed to have a
constant resistance over a considerable band, an antenna and trans-
mission line system which is far from satisfactory when used with a
transmitter may serve as an excellent receiving system.

Figure 8 shows the voltage developed across the input resistance
of a receiver when the receiving antenna has an equivalent Q of 10,
and the receiver is assumed to be matched to the transmission line.
This curve is true regardless of whether the characteristic impedance of
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Carter: Televigion Antennas 7

the transmission line matches the antenna resistance or not. However,
maximum signal strength is, of course, obtained when these impedances
are matched. This figure, therefore, indicates that an antenna with the
relatively high Q of 10 may be satisfactory for reception purposes.
For locations where the signal strength is relatively low, receiver
amplification cannot well be sacrificed in order to obtain a wide-band
constant-resistance input characteristic. A good match between the
antenna and transmission line impedances is then desirable for two
reasons,— (1) Under these conditions the receiver circuits are quite
similar, insofar as the transmission line is concerned, to the trans-
mitter circuits previously discussed. Multiple images may be caused
by impulses which, after having been reflected by the receiver, are

W
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again reflected at the antenna and returned to the receiver at a later
time corresponding to the time required for the wave to make one or
more round trips to the antenna, i.e. roughly one-tenth microsecond
for each fifty feet of line. (a) Noise generated in the receiver itself
becomes comparable with signal strength and the maximum energy
should be drained from the antenna to overcome this noise. This can
only be accomplished when the line and antenna impedances are equal.

Some transmission lines in use with receivers have efficiencies lower
than 10 per cent even when their lengths are not greater than 100 feet.
The use of an efficient line together with a proper matching of antenna
and line impedances may, in some instances, give an improvement of
100 to 1 in received power or 10 to 1 in received signal voltage.

HALF-WAVE DIPOLE ANTENNAS

Figure 9 shows the impedance vs. frequency characteristic of a
simple horizontal half-wave dipole of No. 10 wire when fed by an

www americanradiohistorv com


www.americanradiohistory.com

8 Carter: Television Antennas

open, No. 10 wire, transmission line. The height above ground was
180 c¢m or a little under a half wave length at the resonant frequency.
The ripple in these curves is without doubt due to the wave reflected
from the side of a nearby sheet-metal building, since the frequency
between ripple crests corresponds quite accurately with the time of
travel from the antenna to the building and back again.

Figure 10 is a similar characteristic for a dipole of 1%-inch copper
pipe positioned at the same height and fed by the same line. By
comparing these two figures the effect of the increase in the diameter
is seen. The reactance of the pipe antenna is less than 10 per cent of
the resistance over a band width of nearly 7 per cent but within this
range the resistance changes from 80 to 120 ohms even if we average
out the ripples. The larger-diameter antenna is very much superior

g 120~ ONESTEF) .
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=20 e
-~ Fig. 13

~30=

to the No. 10 wire dipole because of the improved reactance charac-
teristic of the former even though the improvement in the resistance
variation is not very great.

The 1%-inch pipe dipole might be satisfactory for some transmit-
ting installations if the band width were not further narrowed by
impedance-matching circuits necessary to transform this impedance up
to the value of the characteristic impedance of a practical line.

Figure 11 shows the reflection coefficient vs. frequency for a 115-
inch pipe dipole and quarter-wave impedance matching system in
which the pipes are bent so that a single section of pipe serves both
as a leg of the dipole and as one conductor of the impedance matching
circuit. The band width at which the reflection is less than 5 per cent
is only 1.5 per cent.

Before proceeding further it would appear well to consider briefly
the effect of impedance matching circuits upon the impedance-
frequency characteristics of antenna systems. Let us assume a quarter-
wave line section loaded with a pure resistance. When this line is used
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for transforming in the impedance ratio of 2 to 1, the resulting input
terminal impedance characteristic is that shown by curves A of Figure
12. When used for an impedance transformation ratio of 16, the
characteristic is as shown in curves B of the same figure.

It is apparent from these curves that the detrimental effect of
quarter-wave impedance matching circuits is in proportion to the
magnitude of the impedance transformation ratio. This law generally
holds for all types of impedance matching circuits. It will be observed
that the quarter-wave line circuit gives a symmetrical input impedance
characteristic. Some types of circuits, such as circuits formed with
shunt reactances at particular positions along the transmission line

- =

_i[_ : e v

i el

Fig. 14—Dipole for 81-86 Mc frequency sweeping transmitter used
in television propagation survey.

produce unsymmetrical impedance-frequency characteristics. We shall
not take the time to consider other types of circuits or the impedance
matching problem in detail.

The difficulties due to an impedance transformation may be almost
entirely overcome by dividing the transformation into two or a greater
even number of steps. As an illustration let us assume that we use two
quarter-wave line sections in series to transform a load impedance
from 16R to R. If we make the characteristic impedance of the line
gection near the load 8R and the remaining section 2K the first section
transforms from 16R to 4R and the second section from 4R to R. Fig-
ure 13 shows the input impedance characteristic when such a system is
used; the curve for the same transformation in one step being shown
in broken lines. The reactance present whgn a single step is used has
been practically eliminated by the use of two steps.
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10 Carter: Television Antennas

THE FOLDED DIPOLE

Figure 14 is a photograph of a transmitting type of antenna which
we call “the folded dipole”. It was developed in order to do away with
impedance matching circuits and their detrimental effects upon the fre-
quency band width and also to obtain a mechanically strong structure.
This particular unit was installed at the 85th floor of the Empire State
Building (see Figure 15) and has been in use for several months in
order to provide a temporary system while changes were being made
in the main antenna and transmission line. The impedance-frequency
characteristic of this antenna as measured on its associated trans-
mission line is shown in Figure 16. The transmission line was a pair
of concentric lines, each having a characteristic impedance of 120

!!
r

il

Fig. 16—Folded dipole.

ohms. The antenna perfectly matched the line at 46.5 megacycles, the
carrier frequency in use at that time. Other units for survey tests in
New York City were located near the top of the tower of the Empire
State Building and are shown in Figure 17 and Figure 18.

This type of antenna consists of two closely spaced half-wave
dipoles eonnected together at their ends. One of the dipoles is broken
at its center where it is fed from a balanced transmission line. The
instantaneous currents in both units are in the same direction in
space while both are flowing toward a nodal point at one extremity of
the radiating structure. The current distribution does not differ
greatly from that for an ordinary half-wave dipole and is approxi-
mately sinusoidal.

Since the two radiators are very closely spaced in terms of wave
length the radiation pattern is essentially the same as the pattern for
an ordinary single half-wave dipole. The total power radiated per total
loop current squared, or radiation resistance, is therefore about 73
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Carter: Televigion Antennas 11

ohms. However, if the diameters of the two radiators are equal, this
same radiated power is equivalent to a radiation resistance with
respect to the current in one branch of four times 73 ohms or 292
ohms. The latter value of resistance is that which is seen by the trans-
mission line at its terminals. This type of antenna thus serves the

double purpose of a radiator and impedance matching transformer.
When three radiators of equal diameters are arranged in accord-
ance with this method, a transformation ratio of nine is obtained.
Any desired ratio of transformation may be obtained by the use of
two or more radiators of unequal diameters. In such an arrangement
of two units wherein the smaller-diameter cylinder is fed from the
13
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transmission line the transformation ratio is greater than four since
the greater of the two currents flows along the larger pipe.

When a single folded dipole is used with a long transmission line
the input impedance-frequency characteristic does not quite meet the
most rigid transmitting requirements. However, when two such units
are arranged in criss-cross fashion and fed in quarter-phase relation
by means of two branch feeder lines differing in length by a quarter-
wave length the impedance characteristic presented to the main line
at its junction with the branch feeders is quite satisfactory for
present band widths. Figure 19 is a photograph of such a unit. The
impedance characteristic for such an arrangement is shown in Figure
20. The resulting small reactance component is due to the impedance-
inverting property of a quarter-wave line section.
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12 Carter: Television Antennas

The same advantages insofar as band width alone is concerned
may be obtained from an array of four of these units in a square
when one pair of units is fed in quarter-phase relation with the other
pair in order to provide an antenna for the radiation of horizontally
polarized waves. However, unless the square is small in terms of wave
length the horizontal radiation paitern is far from circular.

IMPEDANCE AND HEIGHT

The impedance characteristic of an antenna, when located near
the ground or other reflecting surfaces, may differ considerably from
the characteristic when remote from such surfaces. Figure 21 shows
the variation of both resistive and reactive components of the imped-

¥ fia ey
[eh v i o T S
Fig. 17—Folded dipole. Fig. 18—Folded dipole.

ance of a dipole with the height of the antenna. Data were taken at
several different frequencies, but the curve shown corresponds to the
frequency at which the average reactance is approximately zero. The
measurements were made at Rocky Point, New York, where the soil
is mostly quartz sand. The dielectric constant of the soil is around 9
and conductivity is extremely low. In a previous paper? the writer
has shown a method by which both the resistance and reactance com-
ponents of the radiation impedance of an antenna above a perfectly
conducting plane may be determined. The theoretical curves obtained
by this method, assuming a perfectly conducting ground, are shown in
dotted lines in Figure 21 for comparison purposes. It will be noted
that the variation in impedance for the antenna above the extremely
poor ground at Rocky Point is nearly as great as when a perfectly

2 Circuit Relations in Radiating Systems, Proc. I.R.E., Vol. 20, No. 6,
June 1932.
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conducting ground is assumed and that the approximate heights for
the maximums may be obtained by adding about 0.1 wave length to
the actual height and assuming ideal ground.

The effect of a metal building, at some distance from the antenna,
upon the impedance characteristic has already been shown in Figure 9.
These two examples of the effect of reflecting surfaces should serve
to explain why it is seldom possible to predict the impedance charac-
teristic of an antenna system accurately.

THE DOUBLE-CONE OR HOUR-GLASS ANTENNA

Figure 22 is a photograph of an arrangement of two copper cones
- together with an open two-wire transmission line. The impedance-

: : AR .
Fig. 19—Folded dipole antenna for study

of propagation characteristics of
circular polarization.

frequency characteristic is shown in Figure 23. It will be noted that
the magnitude of the impedance curve is nearly constant and the phase
angle less than 10 degrees within a frequency band of nearly 20 per
cent. This characteristic is far superior to that of any of the antennas
so far discussed.

The impedance characteristics of a number of double-cone antennas
of sheet copper have been measured in order to determine the laws
governing the relationship between length, angle of revolution of the
cones, and impedance presented to the transmission lines. Tests were
also made with several sizes of wire-cage cones. When twelve or more
wires were used for the cage with these wires converged into a small
solid metal cone to form the apices of the large cones, the impedance
characteristics were found to be nearly as good as those for the sheet
cones.
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Figure 24 shows the effective impedance as a function of angle
of revolution of the cones. The length of each cone taken along the
surface from apex to rim should be about 0.365 wave length at the
mid-frequency regardless of angle of revolution, at least for the
impedance values usually encountered in practice.

Figure 25 shows the measured current distribution along the sur-
face of a double-cone antenna. Strictly, the curve represents the
product of the magnetic field intensity near the conducting conical
surface multiplied by the circumference of the cone at the position
of measurement but according to the fundamental laws of Maxwell
this product is equivalent to the relative total current flowing along

Ll 100, r
- 7 CL]S
L7PEDANCE

L0

9r a0+
RN
N-4f 70+
N7+ ek
N
N sob
R sl /-777/:4/r:ﬁmz CuPES
& “or 1A For
¢ QI I\ Perrcr ceamp
2.3" tzd_ A
: d
|Q.2 /70 ' S
%./ o I \\n ) A//{\A\\l ) v

2 AA 578 7 6N 107
g 10} f-ﬁ%/ﬂv T
_/
201 EACTINCE
. =30~ .
Fig. 20 Fig. 21

the surface of the cone. It will be noted that the current distribution
departs greatly from the usually assumed sine-wave form and varies
little with distance for positions near the apex.

The distribution of the voltages between the surfaces of the conical
sheets is also shown in Figure 25. In order to interpret these two
distribution curves and obtain an understanding of the nature of the
phenomena involved it is necessary to consider the field configurations
of the electromagnetic waves in the vicinity of such conducting sur-
faces.

Radio engineers are familiar with the principles of radio-frequency
transmission lines but usually consider the phenomena in terms of in-
ductance and capacitance visualized as coils and condensers. In order to
obtain a clear understanding of electromagnetic wave propagation we
must take the more fundamental viewpoint of Maxwell, Faraday, and
Heaviside. The energy is carried by the space surrounding the con-
ductors while the currents flowing in the surfaces of the conductors
of a two-wire transmission line are of secondary importance only. The
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small portion of energy which penetrates the wires serves no useful
purpose and is wasted in heat. In any wave front, which for a trans-
mission line is a plane cutting the wires at right angles, the lines of
electric force are arcs of circles terminating on the conductors while
the lines of magnetic force are a complete system of circles surround-
ing one or the other of the conductors. From the inverse-distance
relations governing the electric and magnetic field strengths it should
be obvious that by far the larger portion of the energy of the electro-
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Fig. 22—Experimental double-cone antenna.

magnetic wave is carried by the fields in close proximity to the con-
ductors. The conductors thus serve as excellent guides allowing very
little energy to escape into free space.

The purpose of a television antenna system is the exact opposite
from that of a transmission line. The conductors forming the antenna
must continue to influence the energy which has been guided to their
vicinity by the transmission line but, instead of guiding it to a fixed
location, they must help the wave to expand into free space without
any sudden disturbances in its electromagnetic field configuration.
Such sudden disturbances result in reflected-wave energy which, in
general, makes itself known in terms of reactance at the junction of
the transmission line and the antenna.

Let us consider the electromagnetic wave propagated between two
conical conducting surfaces extending indefinitely and arranged in
hour-glass relationship. This wave is the simplest possible type of
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spherical wave. Figure 26 shows the distribution of electric field at a
particular instant of time. These lines simply slide along the con-
ductors as time progresses. The number of lines per inch represent
an attempt to show the variation of intensity with radial distance.
The variation in thickness is a rough indication of the variation in
strength with latitude when the common axis of the two cones is con-
sidered as the polar axis for all spherical wave fronts. The lines of
magnetic force are latitude lines on any wave front and are not shown
in the figure.

Since there are no radial components of electric or magnetic force,
this wave is purely transverse and for this reason is much simpler
than any type of free space wave. In a consistent system of units such
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as the Heaviside-Lorentz system, the electric and magnetic forces are
everywhere equal in magnitude. These intensities are inversely pro-
portional to the distance from the apex and inversely proportional to
the sine of the co-latitude angle on any spherical wave front. The volt-
age from one conducting surface to the other in any wave front is a
constant independent of distance of travel. The same is true of the
total surface current along the conductors. If we define the wave
impedance or characteristic impedance in the same manner as for an
ordinary transmission line, i.e. as the ratio of voltage to current in a
travelling wave, we see that the characteristic impedance of the expand-
ing wave between this system of two cones is a constant, independent
of distance. Its value is 120 loge (cot a/2) where « is the angle of
revolution of the cones. This constancy of the wave impedance is a
very important property of this type of wave.

The preceding statements summarize the results of a mathematical
analysis of spherical wave propagation on conical surfaces. Those
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familiar with harmonic analysis may be interested to know that the
conical conductors are responsible for a spherical wave derived from
the Legendre function of the second kind. In most treatments of wave
functions this solution is not discussed, probably because the corre-
sponding type of wave cannot exist without conical surfaces and the
investigators were concerned almost entirely with free space waves
which must be derived from the Legendre function of the first kind.

We are now ready to consider the wave phenomena in connection
with the actual arrangement of two finite cones. As a wave front
expands while the wave travels outwardly from the apex, the energy
does not remain heavily concentrated near the surfaces of the con-
ductors as in the case of an ordinary transmission line, but is fairly
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evenly distributed throughout a wave-front surface. Although the
energy immediately adjacent to the conducting surfaces must be com-
pletely reflected when the wave front reaches the outer edges of the
cones the larger portion of the total energy in the wave front is free
to continue to progress into free space. Speaking rather loosely, the
wave has by this time expanded sufficiently “to gain a good hold on the
surrounding ether.” Since the characteristic impedance of this antenna
is independent of distance from the apex, the only reflection which
can take place on the antenna itself is that which occurs at the rims
of the cones. The reflected-wave energy reaching the apices is quite
small in comparison with that of the outgoing wave and for this
reason the antenna presents a substantially pure resistance to the feeder
line over a considerable range of frequency.

SUMMARY AND CONCLUSIONS

For reception at locations where the signal strength is high an
ordinary half-wave dipole of large conductors fed from a convenient
type of balanced transmission line should generally prove satisfactory
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if the transmission line is loaded, at the receiver, with a pure resistance
equal to its characteristic impedance. For remote locations a better
system is a folded dipole matched to an efficient transmission line.
For transmitting a horizontally polarized wave, a pair of folded
dipoles arranged in turnstile fashion and fed in quarter-phase relation,
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Fig. 27

would seem to satisfy most requirements at the present time. A double-
cone antenna, together with an open-wire transmission line, satisfies
the most rigid requirements with regard to band width but is not with-
out serious mechanical disadvantages.

For comparison purposes curves of the coefficient of reflection versus
frequency as measured on the transmission line feeding several of the
various antennas which have been discussed are shown together in
Figure 27.
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TELEVISION TRANSMITTING ANTENNA FOR
EMPIRE STATE BUILDING

By

NILs E. LINDENBLAD
Transmitter Laboratory, R.C.A. Communications, Inc., Rocky Point, N. Y.

Summary—The theory for a new approach to the design of wide-band
radiators for vision antennas i8 set forth and demonstrated in its applica-
tion both to models and to the television antenna recently installed on top
of the Empire State Building in New York City. A band width was obtained
which i8 several times that required to meet television standards in the
United States.

The design principles of a sound antenna capable of being located close
to the vision antenna without causing mutual interference, are described
and demonstrated.

The paper also deals with important transmission line phenomena and
circuit problems, particularly as they occur in connection with this antenna.

A short description of mechanical and auzxiliary details is included.

INTRODUCTION

circuit features which only recently seemed unattainable.

Providing transmitting antennas, of the broadcasting type,
having constant characteristics over a frequency band sufficiently wide
to accommodate the full band spectrum of high-definition television,
becomes increasingly difficult with decreasing carrier frequency.

The recently installed antenna on top of the Empire State Building
in New York City represents a successful attempt to remove these
difficulties from the frequency regions with which television is con-
cerned. This antenna, Figure 1, consists of two separate, independent
radiator systems for vision and sound transmission supported by a
common column. The radiators at the middle of the column constitute
the vision antenna and the top radiators constitute the sound antenna.

In the vision antenna is represented the application of a new
approach to wide-band antenna development by which the radiating
elements themselves, uncombined and unaided by any form of com-
pensating circuit, present input impedances which are resistive and
constant over a frequency band considerably wider than that required
by present television standards.

Rational carrier-frequency allocation! and certain receiver require-
ments call for closely adjacent carrier frequencies for vision and sound

H[GH-DEFINITION television has forced the development of

Reprinted from RCA Review, April, 1939.
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transmission. In spite of this close frequency spacing, it was found
possible to design the vision and sound radiator systems so that
negligible coupling effect was obtained even when the two systems are
located no further apart from each other than the distance of a half
wave, Figure 1. The arrangement represents a clean and efficient
method of preventing mutual interference between vision and sound
transmitters.

Fig. 1—Television antenna for Empire State
Building, as erected for test at
Rocky Point Laboratory.

While the radiation from each of the radiating systems is hori-
zontally polarized, the vertical directivity of each approximates that of
a vertical dipole. Propagation tests have fairly well established the
superiority of horizontal polarization® which for this reason has been
recommended by RMA as standard.

GENERAL PRINCIPLES—VISION ANTENNA

It is a well-known principle that the total impedance of circuits
having inductance and capacitance, becomes independent of frequency
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1f these components are associated with resistive loads of values equal
to the square root of the inductance-capacity quotient, Figure 2. An
equivalent version of the circuit in Figure 2b is shown in Figure 3a.
By composing a radiator from coaxial transmission-line sections as
shown in Figure 3b, it is possible to make it consist of an inductive
component A and a capacitive component B of such relative lengths
that they carry equal portions of the radiation load. By properly pro-
portioning the transverse dimensions of radiator components A and
B, the square root of their inductance-capacitance quotient may be
made equal to the radiation resistance of each component. The char-
acteristics of the circuit in Figure 3a will thus be simulated. However,
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Fig. 2—Circuits for constant impedance at variable frequency.

due to the fact that the electric and magnetic high-frequency fields
of the radiator in Figure 3b are distributed and thus dependent upon
frequency, it is evident that inductance, capacitance and radiation
resistance all become variables with frequency. The precise require-
ment for the ideal constant-impedance circuit—as in Figure 3a which
calls for fixed values of inductance, capacitance, and resistance—is,
therefore, not fulfilled. An input impedance independent of frequency
could, therefore, not be expected. It was, however, considered reason-
able to expect appreciable benefit when the proportions of a composite
radiator are such that the requirements for the constant-impedance
eircuit are fulfilled at mid-spectrum frequency.

Proportioning of the inductive and capacitive radiator components
required much experimenting. Steps in this experimental evolution of
proportions toward optimum dimensions may be followed by the
samples shown in Figure 4. The effects of shape as well as of dimen-
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sions were studied. A generally elliptic shape of all the radiator
surfaces, Figures 4 and 5, seemed to permit the fullest utilization
of the constant-impedance principle. Gradual expansion of the trans-
mission line into the radiator also appeared as the only satisfactory
method of connection. It is known that expansion of a radiator away
from its feed point is an aid to impedance constancy at ‘variable
frequency. This coincidence is no doubt an aid to the characteristics
of the composite radiator.

As may be concluded from the band-width curves shown in Figure
4, the band width increases rapidly with transverse radiator dimensions
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Fig. 3—Application of constant-impedance circuit to composite radiator.

as proper proportions are approached. When these dimensions are
exceeded the band width again diminishes. This fact seems to indicate
that the theory set forth in connection with Figure 3 represents the
basic principle upon which the performance of the composite radiator
depends.

The elliptically shaped extension of the center line conductor, which
represents the capacitive component B of the composite radiator Fig-
ure b, will hereafter be referred to as the “ellipsoid”. The expanding
portion of the outer conductor of the transmission line, which has
elliptic curvature, will be referred to as the “throat”. The surface
which forms the continuation of the throat into the radiator, consti-
tutes the inductive component A of the composite radiator. The curving
of this surface is also elliptic and this radiator component will be
referred to as the “collar”.
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In order that the protruding portion of the ellipsoid and the collar
might be equally loaded by radiation, their relative lengths, Figure ba,
should be as 7 to 5. The input impedance, governed by this ratio, is
in the order of 110 ohms. The best ratio between major and minor
axis of the ellipsoid was found to be 15 to 6. The best ratio between
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Fig. 4—Experimental steps in determining optimum proportiors for maxi-
mum band width of composite radiator.

the mean outside diameter of the collar and the minor axis of the
ellipsoid appeared to be 3 to 2.

The band width, within which reflection of waves from the radiator
back over the transmission line was less than & per cent, with a com-
posite radiator Figure 5a, vertically mounted from a horizontal metallic
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surface, was 20 per cent, Figure 4. This result was obtained with
small scale models designed for a mean frequency of 150 Mec.

As can be understood from Figures 3 and 5a, the transmission line
is in effect connected in series with the two components of the com-
posite radiator. Since the currents on the center conductor and the
throat surface are equal and opposite there is substantially no radia-
tion from this portion of the system. However, after the current on
the throat surface has passed over the joining edge to the collar surface
its direction will be the same as that of the center conductor current.
The currents in the collar and the ellipsoid having the same direction,
the two radiator components will act like one continuous radiator. At
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Fig. 6—General dimensions of composite radiator as modified to permit use
of supporting bracket.
(a) Single radiator over a conductive surface.
(b) Model of radiator for turnstile antenna combination.

mid-frequency the total length of the composite radiator exceeds that
of a quarter wave by about 10 per cent, Figure b5a.

In the throat expansion of the early models, constant ratio was
maintained between the outer and the center conductors. In other
words the characteristic impedance of the throat expansion was held
constant. For practical purposes, however, such as mechanical strength
and to obtain immunity against lightning, some form of metallic
bracket, Figure 7, between ellipsoid and collar seemed indispensable.
The capacitance required to balance the inductive shunt introduced by
the bracket was most effectively obtained by gradual decrease of the
characteristic impedance of the throat section in the direction of expan-
sion.
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In the development of the bracket only experimental methods were
practical. There were many variables such as self-inductance, mutual
inductance, size, length, and position which all had to be coordinated
to secure the maximum mechanical strength obtainable without sacri-
fice of band width. By not compromising on the band width, the dimen-
gsions of the bracket were limited, but fortunately these dimensions
provided adequate mechanical safety factor. The bracket as finally

\ }
) QR
T

I8 3

[N o!

N X!

N !

| |

] ,6'. --
! t

| ]

|\ :

SIS ohmvs

4
~
v — v~ -~

%
Fig. 6—General arrangement of composite radiator turnstile antenna.

developed for the full scale antenna is shown in Figures 1, 12, 15,
and 17.

For broadcasting horizontally uniform, vertically polarized radia-
tion, a single vertical composite unit as shown in Figure 5a is sufficient.
However, since horizontal polarization was required, several hori-
zontally located composite units had to be combined to produce hori-
zontally uniform radiation, or the equivalent. A simple method of
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combining, which was adopted, is to arrange four composite radiators
into a “turnstile” antenna. A turnstile antenna, in its simplest form,
consists of two dipoles crossed at right angles carrying high-frequency
currents in phase quadrature.® Although the radiation in the plane of
each dipole is not uniform, the combination of the two, by virtue of
their phase and geometric quadrature, results in a rotating electro-
magnetic field which produces the equivalent of uniform radiation in
the plane of the two dipoles. Two composite radiators of the type
shown in Figure 5a pointing in opposite directions, joined at the base
of their collars and fed in phase opposition, form a composite dipole.
Two such dipoles may then be combined in the horizontal plane into a
composite turnstile antenna. The four collars in such a turnstile form

Fig. 7—Model of radiator for 100-150 Mc¢ turnstile antenna combination.

a central cross-shaped hub from which the four ellipsoids protrude
radially, Figures 1, 6, 8, 9, and 12,

Before building a complete 100-150 Mc turnstile model, Figures 8
and 9, a half section of such a model as shown in Figure 7 was made
in order to expedite determination of the new relative collar length
resulting from the alterations in the collar characteristic when four
collars are combined into a hub. The new length ratio between the
protruding portion of the ellipsoid and the collar became 4 to 8 as
shown in Figure 5b.

A complete 100-150 Mc turnstile model was then built and tested,
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Figures 8 and 9. From the foregoing discussion it is clear that the
four composite radiators of this turnstile were so connected that the
currents they carried were equal and in progressive phase quadrature,
Figure 6. That means that the currents in any adjacent pair of
radiators were in phase quadrature while the currents in any opposite
pair were in phase opposition.

The input resistance of each radiator in the turnstile was 110 ohms.
The feeders to the radiators were, therefore, designed to have a char-
acteristic impedance of 110 ohms. In this way the characteristic

Fig. 8—Shop view of 100-150 Mc turnstile antenna.

impedance of each feeder was ‘“matched” by the radiator, and high-
frequency waves arriving over the feeder were radiated into space
substantially without reflection back toward the transmitter.

Since the waves on a reflection-free line travel only in one direc-
tion, the phase of the high-frequency current it carries becomes a
linear function of the distance along the line from any point of refer-
ence. The phase between the currents at points a quarter wave apart
thus becomes 90 degrees. Progressive phase quadrature between the
currents of the four radiators might then have been obtained by
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providing ‘four separate matched feeders progressively differing in
length by a quarter wave.

Since, in a progressive phase-quadrature system, the currents in
opposite radiators are in phase opposition, Figure 6, it was more prac-
tical and economical to provide two equal 55-ohm main feeders coupled
in phase opposition to the transmitter. Each was split into two 110-ohm
branches near the antenna to feed a pair of adjacent radiators. These
110-ohm branches were made to differ in length by a quarter wave.
In this way, the feeder branches of two opposite radiators could be

e e e o -
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Fig. 9—Complete 100-150 Mc model of combined vision and sound antennas.

made equal in length if they were connected to main feeders of oppo-
site phase. Progressive phase quadrature was thus obtained by using
only two different lengths of branch feeders.

When two equal high-frequency loads, such as an adjacent pair of
radiators in a turnstile, are supplied with power from a common
branch junction through sections of transmission lines, a quarter wave
different in length, the input impedance to such a system, as a whole,
is more constant over a wide frequency band than the input impedance
into each branch line.

If equal reflections are produced by the two radiators, the input
impedances of the branch lines, at their junction, become reciprocals
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with respect to the characteristic impedance of the feeders. These
reciprocal impedances are brought into parallel combination at the
branch junction. If the difference between the reciprocal values is
moderate, the resultant parallel impedance is very little different from
the characteristic impedance of the main feeder, which has been
designed to match the combined characteristic impedance of the branch
feeders. That is, if the reflections on the feeder branches are moderate,
these reflections will nearly compensate each other at the junction.
When the branches differ in length by an odd multiple of a quarter
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Fig. 10—Curve indicating relation between coefficients of reflection of main
feeder and parallel quarter wave, differential length, branch feeders.

wave and the reflections are equal, the coefficient of reflection on the
main line becomes equal to the square of the coefficient of reflection
on each branch. This relationship between coefficient of reflection on
branches and main feeder is shown by the curve in Figure 10. It is
evident from the curve that the ratio of compensation is large for low
reflections and decreases toward unity as the reflection on the branches
approaches 100 per cent. Thus, while the compensation is tenfold at
10 per cent reflection on the branches, there is no compensation when
the reflection is 100 per cent.

It should be clear that the compensation becomes less and less
effective as departure is made from midfrequency since the difference
in length between the branches is then no longer a quarter wave. This
is an important consideration in the case of circuits for wide frequency
bands as required for television. The composite radiator possesses the
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important virtue that its input impedance departs from non-reflecting
values very slowly with departure from midfrequency. This type of
radiator is, therefore, capable of taking fullest advantage of the com-
pensation intrinsic in phase-quadrature combinations.

It may be realized that antenna loads which closely match the main
lines throughout the operating frequency band, become an increasing
necessity as the distance between transmitter and antenna becomes
large in terms of wave length. A standing wave, resulting from a
certain mismatching, will shift in its location in proportion to fre-
quency and also in proportion to distance, in terms of wave length,
between point of reflection and point of reference. The biggest shift
will, therefore, occur at the input end of the line. If the shift is large
enough the input impedance of the line will pass through both a maxi-
mum and its reciprocal with respect to the characteristic impedance of
the line. This means that for a certain frequency shift, the longer the
line, the faster will be the recurrence of maxima and minima. For a
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Fig. 11—Frequency-response curve of 100-150 Mc model vision antenna.

long line it is, therefore, entirely possible to have several impedance
maxima and minima occur within the operating frequency band. Since
the impedance passes through both maxima and minima it is evident
that the input-impedance variation assumes considerable proportions
even if the mismatch at the load end is small. If the line is sufficiently
short, such large variations as from a maximum to a minimum will not
occur within the operating band. The impedance variation will, there-
fore, be smaller.

It is of theoretical interest to note that impedance variations at
the transmitter end of a line will not necessarily cause variations in
the power output of a transmitter. If the internal impedance of the
transmitter matches the characteristic impedance of the line, the power
output at a fixed reflection will not vary with frequency. In practice,
however, variable impedance is a serious factor.

The 100-150 Mc model antenna, Figures 8 and 9, was found to
possess a band width well in excess of 30 per cent, Figure 11, which
was over 50 per cent more than the band width of a single composite
radiator unit. The “band width” is defined as the frequency spread
within which reflection of waves back on the main feeders is less than
5 per cent. Coefficient of reflection is the quotient of the difference
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and the sum of maximum and minimum voltage or current on a line,
Figure 10. Percentage reflection is obtained by multiplying this
quotient by 100.

The important dimensions, which had been determined with the
model, were then reproduced to scale in a full-size turnstile antenna,
having a midfrequency of about 45 Mec, which was constructed for
installation on top of the Empire State Building, Figure 12. When
the antenna was tested it was found to have the truly remarkable band
width of over 60 per cent, Figure 13. This is six times the frequency
spread of a single television channel for vision and sound. The band
is from 6 to 10 times that obtainable with heretofore conventional
designs combined with complicated correction networks.

The discrepancy in band width between model and full-size antenna

Fig. 12—Empire State Building vision turnstile radiator system.

must be attributed to greater accuracy in construction and perhaps
also to better testing equipment. Up to the present, no opportunity
has been available to study the band width of such large, single com-
posite units as used in the antenna for the Empire State Building
installation. It is possible that the 20 per cent band width obtained
with 150-Mc models of single composite radiator units may be exceeded
under the more accurate conditions possible with larger models.

When the full-scale antenna was set up and tested at Rocky Point,
Figure 1, it was found possible to provide a metal rail around the
testing dome on which it was mounted, by allowing the reflection to
rise to a 6 per cent peak at 54 Mc. This slight marring of the band
characteristic was, of course, of no consequence since this peak lies
outside the operating band. After using an even more substantial rail
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and adding a non-symmetrically located ladder step near the radiators
when installing the antenna at the Empire State Building, it was found
that this peak shifted to 53 Mc and rose to a value of about 8 per cent.

Although a single turnstile antenna has less vertical directivity
than a vertical dipole the difference was made up for by locating it a
half wave above the roof of the dome.

It may be of interest to note that in the transmission lines used in
connection with the full-scale antenna, the suspension insulators of the
center conductor were located in pairs with a quarter-wave spacing
between the insulators of a pair. In this way, use was made of the
phase-quadrature principle for the purpose of reducing insulator effects.

Likewise, it may be interesting to note that the 55-ohm main feed-
ers, which are several hundred feet long, were so made that in them
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Fig. 13—Frequency-response curve of full-scale vision and sound antennas.

is represented an economic compromise between lines having a char-
acteristic impedance of 77 ohms for securing maximum power-transfer
efficiency and lines having a characteristic impedance of 30 ohms for
securing maximum power-carrying ability for any given diameter of
outer conductor.! The diameters of the outer and inner conductors of
the main feeders were made 2.5 inches and 1 inch respectively.

SOUND ANTENNA

In choosing the general design principles for an antenna for sound
transmission to be mounted on the same structure as the vision antenna,
minimum coupling between antennas is found to be the chief considera-
tion.

Low coupling may be obtained in two different ways. Since the
vision antenna produces a rotating field, the sound antenna could be
built on the same principle, but be connected for phase rotation in the
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opposite direction. However, it may be readily understood that such a
system would provide minimum coupling for only one frequency, at
which the phase quadrature in both the sound and the vision antenna
would be perfect. Since, in addition, it is desirable that each antenna
have perfect phase quadrature at midfrequency, the condition cannot
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Fig. 14—Schematic diagram of sound antenna connections including line
balance converter.

readily be fulfilled. Fortunately other means were available by which
it was possible to furnish a design which provided low coupling for all
operating frequencies.

A circular loop antenna of uniform characteristics and distribution,
if located in a plane parallel to the horizontal plane of a turnstile
antenna and on a common, central, vertical axis, would have no coupling
to the vision antenna at any frequency. The diametrically located
radiators of the vision antenna could not induce voltages giving rise
to circulating currents in the loop and vice versa.
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A simple way of providing the approximate equivalent of a loop
antenna is to locate a number of dipoles in a circle. Cancelling effect
between the pick-up of the segments or dipoles is in this case obtained
at the point of connection to the common transmission line feeding
the segments in parallel. This may best be understood by referring
to Figure 14. The common feed line is so connected to the feeders of
the individual radiators that the currents in opposite radiators become
opposite. Currents, which on the other hand are induced by the turn-
stile antenna, are of same direction in opposite radiators. They must

L3

Fig. 15—Television antenna for Empire State Building during erection for
test at Rocky Point Laboratory.

therefore balance each other without entering the common feed line.
In the present case, the antenna was made up of four folded dipoles
bent into circular segments, Figures 1, 9, 15, and 19. Among the
dimensions of folded radiators which, at a given frequency, result in
resistive input impedance, only the two smallest dimensions are of any
interest in this case. At the larger of these dimensions the distance
between the folding points of the radiator is approximately a half
wave. The folding points coincide with maximum potential and the
currents in the parallel conductors flow in the same direction. The
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distance between the folding points at the smaller dimension is only
about a quarter of a wave. The input terminals are at maximum poten-
tial and the currents in the paralle]l conductors flow in opposite direc-
tions. A ring antenna of this latter type need only be about half the
size of that required by the first type. The smaller dimensions further
reduce the possibility of undesirable mutual effects between the sound
and the vision antennas and reduce the mechanical problems. For these
reasons, the small-type folded dipole was chosen.

Fig. 16—Main line, junction and branch feeders inside the central support-
ing structure of the full-scale antenna. Note the quarter-wave
branch feeder loops.

In the small-type folded dipole, the current folds with the conductor
and tapers toward the input terminals where it becomes a minimum.
On account of the voltage distribution thus obtained in this radiator,
the capacitance between the parallel branches provides a path for cir-
culating currents which lower the power factor. The resulting increase
in frequency selectivity in the sound antenna further decreases the
possibility of energy transfer from the vision antenna into the sound
transmitter.
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The input impedance of a single folded dipole, operating as
described, would normally provide very high input impedance. How-
ever, when combining four such radiators into a ring-shaped antenna,
by properly spacing adjacent folding points, it was found possible to
influence the characteristics of the radiator so that the input impedance
of each radiator in the combination was reduced to 220 ohms. This
impedance was desirable since by parallel connection an impedance of
55 ohms could be obtained, without impedance transformation, which
would equal the characteristic impedance of a coaxial line similar to
the main feeders of the vision antenna. The four dipoles were then
connected by balanced open feeder pairs, of 220-ohm characteristic

= - o)
Fig. 17—Position of supporting bracket with respect to collar and ellipsoid.

impedance, through a balance converter to a 55-ohm coaxial line,
Figure 14.

The line balance converter, Figure 14, involves the principle that
the outer conductor of a coaxial line must be made electrically free
from its surroundings in order not to destroy the balance of a system
to which it is connected. This is done by surrounding the end section
of the outer conductor with a concentric sleeve and by connecting the
two together at a point a quarter wave from the end of the line,
Figure 14. The impedance between the end of the outer conductor,
of the coaxial line, and the sleeve which is bonded to the surrounding
supporting structure has by this procedure been made very high. The
current flowing on the inside of the outer conductor of the coaxial line
can, therefore, become the continuity of the current in the connected
load circuit. There is no longer any shunting effect to divert some of
this current from its desired path.
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This line balance converter, which was developed some time previous
to the design of this antenna has found many varied uses and has
made possible a number of coaxial-line combinations not otherwise
possible.

Models of the sound antenna designed for 150 Mc were made and
studied. The final model was located a half wave above the 100-150 Mc
vision antenna model and the two antennas were supported by a com-
mon column, Figure 9.

The full-scale sound antenna, similarly mounted with respect to
the full-scale vision antenna is shown in Figure 1. Its frequency
response is shown in Figure 13. The power transfer from one antenna

1

ST (A _- e — m'
Fig. 18—Ellipsoid and associated parts.

to the other was found to be less than one part in a million of the
input power.

MECHANICAL DESIGN, ICE REMoOVAL, ETc.

The mechanical design of the antenna provides for a safety factor
of 6 at a wind load of 40 1lbs. per square foot, which corresponds to a
true wind velocity of about 130 miles per hour. The weight of the
total structure amounts to approximately 6,000 lbs.

The central supporting structure consists of a square lattice tower,
Figure 15, which contains the necessary feeders, quarter-wave loops,
Figures 6 and 16, and the balance converter, Figure 14. This tower,
which is tapered, is covered with a circularly bent sheet metal skin,
Figures 1 and 15. The four collars of the vision antenna at the middle
of the tower have internal steel construction which is bonded to the
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tower itself, Figures 15 and 20. Figures 1 and 15 show how the collar
and throat surfaces, which are made of spun sheet metal, are fitted
over this frame. Attached to the inside framework of the collars are
the supporting brackets for the ellipsoids. These brackets, which are
shown in Figures 1, 15, and 17, are made of thick-walled Shelby steel
tubing. The components of the brackets are welded together. The
brackets are slightly tapered and have a bore through which runs the
connection to the heating units located within the ellipsoids for ice
removal. The ellipsoids are made in two halves joined together at the

Fig. 19—Folded dipole unit of sound antenna with its associated parts.

middle by an aluminum ring, Figure 18, which is also bolted to the
two ends of the bracket bridle, Figure 17.

The anchor-shaped or circular segments of the sound antenna,
Figures 1, 15, and 19, are also made of steel tubing with their various
components welded into one unit. The center T-member of each radi-
ator slides into the supporting cross which is integral with the top
of the tower, Figures 1 and 15. The sound antenna radiators are made
up of different sizes of tubing. The different sizes are 8, 4, and 5
inches, Figure 19.

Calrod heating units, bent into convenient shapes, are installed in
the radiator sections of the sound antenna, Figure 19, as well as in
the ellipsoids, Figure 18, and the collar members of the vision antenna,
Figure 20. The heaters of each radiator section are connected by indi-
vidual leads to a distributing panel in the building dome under the
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antenna. Each section of the sound antenna, each ellipsoid, and each
corresponding collar require normally about 1.5 kw of heating power
for ice removal. Since there are four of each of these elements, each

T

Fig. 20—Internal structure of collars. Note the Calrod heating units.

group of four will normally require 6 kw. There are three such groups
which are then connected in three phase. Voltage tapping is arranged

Fig. 21—Ice formation on antenna at Empire State Building. Note the
effect from the application of heat to the radiators.

to suit conditions so that the total three-phase power may be varied
up to a maximum value of 27 kw. The photograph, Figure 21, shows
ice conditions recently encountered. Application of heat keeps the
radiators clear of ice and the electrical characteristics of the antenna
remain unchanged.

www.americanradiohistorv.com


www.americanradiohistory.com

40 Lindenblad : Television Transmitting Antenna

The insulation throughout the transmission-line system is quartz.
Three radially placed quartz rods form a suspension point for the
center conductor. An exception to the use of quartz is the pressure-
sealing insulators of the lines and the lead-in insulators for the sound
antenna, Figures 1 and 15, which are made of high-grade porcelain.
The throats of the vision antenna are closed by quartz windows which
in turn are shielded from water creepage by mica guard rings located
further out on the throat surface and on the ellipsoid connector.

e =

B y

Fig. 22 Lightning striking Empire State Building.

Except for the sound antenna and the brackets of the vision
antenna, all exposed surfaces of the antenna and supporting structure
are chromium-plated copper. There are no electrical reasons prohibit-
ing the use of non-corrosive metals such as stainless steel when and
if the cost of using this material can be tolerated.

Wind-velocity and wind-direction instruments are mounted at the
top of the structure, also a lightning pick-up rod, Figure 1, to facilitate
the lightning research carried on at this location’, Figure 22.
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A TURNSTILE ANTENNA FOR USE AT
ULTRA-HIGH FREQUENCIES

By

GEORGE H. BROWN
RCA Manufacturing Co., Inc.,, Camden, N. J.

Summary—The Turnstile antenna provides a circular horizontal radia-
tion pattern, with a concentration of energy in the vertical plane. This paper
describes the antenna, its theoretical aspects, the exper.mental tests made
on the antenna, as well as the procedure and the circuits necessary in its
operation.

of the order of several wave lengths without becoming un-

wieldy in actual physical size. A great many arrangements
can be used which direct the radiated energy in some one particular
direction. This concentration thus yields a greater field strength than
does, for example, a single half-wave antenna operated at the same
power. If the signal strength in the remaining directions is of no
consequence, the arrangement of a few wires in a directional array
has accomplished the same result as building a more powerful trans-
mitter. Now that the ultra-high frequencies are being used for broad-
cast purposes, the directional arrays are not always desirable. If the
antenna is located in the heart of a city, it is desirable to radiate equal
signals in all directions in a horizontal plane. It is still possible to
rob energy from the high angles and concentrate it near the horizon.
An investigation was undertaken to develop an antenna for ultra-high
frequency use which embodied the following features.

S- NTENNAS operated at short wave lengths can have dimensions

1. The antenna should give a circularly symmetrical radiation
pattern.

2. The antenna should concentrate the energy in the vertical plane
so that the signal strength toward the horizon for a given power
input will be considerably greater than that obtained from a
single half-wave vertical antenna with the same input power.

3. The antenna must be structurally possible where high winds
occur and should preferably be a rather simple structure not
liable to damage easily.

4. If possible, the antenna should be supported by a single mast.

Reprinted from Electronics, April, 1936.
41
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One system which immediately suggests itself is the “Franklin”
antenna which consists of half-wave elements placed vertically, one
above the other, and connected with phase shifting devices so that the
currents in all the elements are in phase. This antenna fulfills the
first two conditions, but it seems very difficult to meet the last two
conditions.

Experimental model of the Turn-
stile antenna.

TIHEORETICAL DEVELOPMENT
Arrangements which use horizontal elements usually do not fulfill
the first condition stated, since each horizontal element yields a “Fig-
ure 8” as the horizontal pattern.
The antenna which was finally developed uses horizontal elements

and fulfills the four conditions outlined.
Let us first examine the action of a horizontal half-wave antenna

in free space. In the horizontal plarie which passes through the an-
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tenna, the field strength is horizontally polarized. The horizontal
pattern has the shape of a “Figure 8’ with the maximum intensity
occurring in a direction normal to the axis of the antenna (Figure 1).

Suppose that another half-wave antenna is placed parallel to the
first, and one-half wave length above the first antenna (Figure 2).
The antennas are both excited so that the currents in each antenna
are equal and in phase. This arrangement still yields a ‘“Figure 8"
pattern in the horizontal plane, but the magnitude of the horizontal
pattern has increased since energy has been robbed from high angles
and sent out horizontally.

b
—
<=
PN
Fig. 1 — Pattern of
horizontal half-wave
antenna.
/,,__.,\‘\ QT
A
A Pl A
2 ———
: Fig. 3—Half-wave
Y array. a
—_ Fig. 4—Feed line.

Fig. 2 — Two half-

wave antennas % A

apart.

If still more elements are placed in the array, Figure 3, each one-
half wave from its neighbor and excited all in phase, the horizontal
signal is still further increased, but the horizontal pattern still remains
“Figure 8’ in shape. For the time being, we will ignore this latter
fact and consider means of constructing the arrangement of Figure 3.

Suppose that the elements are supported in space in some fashion.
Then the elements can be excited in the proper phase and current mag-
nitude by means of a single two-wire transmission line transposed
once between each pair of elements. The half-wave length of trans-
mission line gives a phase reversal of voltage along the line so that
the single transposition returns the voltages on adjacent elements to

the in-phase condition.
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In Figure 4, the line a-b lies in a neutral plane with respect to the
antenna elements and the transmission line. Thus if this line were a
wire or piece of metal, there would be no voltage induced in it due to
the radiating system. This fact makes it possible to replace the line
a-b by a metal shaft or flag pole, thus affording a supporting structure
for the system. Each half-wave antenna, instead of running through
the pole, can consist of two quarter-wave rods screwed into opposite
sides of the pole. The transmission lines, instead of having an abrupt
transposition, twist continuously around the pole. It is possible to do
this if supporting insulators are placed on the pole midway between
the elements (Figure 5). This arrangement now fulfills all the condi-

Fig. 6 — Look-

Insulators --
ing down on
. antenna.

/

Fig. 5—Antenna wires and feed
lines.

'—.Q

tions imposed except that of the circularly symmetrical horizontal
pattern.

On our flag pole, let us put a second system of radiators and trans-
mission line identical with the first, but so placed that the two sets
of radiators are at right angles and corresponding elements are at the
same level on the pole. Thus with two sets of identical elements on the
pole, we have two separate transmission lines coming down the pole
to the transmitter. These two transmission lines are so fed, with equal
power into each line, so that the currents in one set of radiators are
in time quadrature with the currents in the other set which is at right
angles in space with the first set. Figure 6 shows a view of the antenna
looking down from the top. Then the field in the horizontal plane due

to Set No. 1is
F, =1Isin (ot) sin 8 (1)
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Fig. 7—Theoretical power gain of Turnstile and Franklin antennas.

where 6 is the angle indicated on Figure 6.

Brown: Turnstile Antenna

H (Wave Lengths)

The field due to Set No. 2 is

Fy=1cos (ut) cos 8
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Fig. 8—Vertical radiation of 6-clement Turnstile antenna.
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The sum of (1) and (2) gives the total resultant field.
F,=F,+ Fy=1cos («t-0) 3)

Thus the total field is constant in magnitude and changes in phase
as 0 changes, giving us a circularly symmetrical horizontal pattern.

As mentioned previously, the signal strength toward the horizon
increases with the number of antenna elements. The ordinates of
Figure 7 show the ratio of the power into the single vertical half-wave
antenna to the power into the array in question to achieve the same
field strength.

Experience with mechanical design of these antennas has shown
that it is convenient to use six antenna elements in each set. Then the
distance from the bottom radiator to the top radiator is 2.5 wave
lengths.

The vertical radiation characteristic of this antenna is made up
of a horizontally polarized component and a vertically polarized com-
ponent. The vertically polarized component becomes zero in the hori-
zontal plane. Figure 8 shows these two components as a function of
the angle measured from the zenith, when the antenna consists of six
elements per set.

While this antenna layout looked very good on paper, it was neces-
sary to verify the results experimentally. The experimental method
was also used to determine certain optimum dimensions. Accordingly,
a model was built to operate on a wave length of 3.0 meters. The flag
pole used was 42 feet long and 3 inches in diameter. The six-element
antenna was chosen. The radiators were one-quarter inch brass rods,
each one-quarter wave length long. These rods were threaded and
screwed into the steel flag pole. The insulators for supporting the
transmission lines were porcelain stand-off insulators, fastened to the
pole by means of stud bolts in their bases. The quadrature phase rela-
tion between sets of radiators was accomplished by means of trans-
mission lines of the proper lengths.

After all critical adjustments were made, a check was made of the
horizontal pattern to determine how circular it was. A horizontal half-
wave antenna was mounted on the end of a bamboo pole. This pole was
26 feet long. A transmission line connected this antenna with a detec-
tor placed at the base of the pole. Readings were taken on the circum-
ference of a circle whose radius was 175 ft. with the axis of the flag
pole as the origin of the circle. The circles on Figure 9 show the
results of this test.
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Next, the elements pointing east and west were disconnected to
determine the expected “Figure 8” pattern. The crosses on Figure 9
show the measured results. This test indicates the necessity of using
two sets of elements if it is desired to send equal signals in all direc-
tions.

A measure of the field strength was made at a fixed point. Then
the flag pole was replaced by a single vertical half-wave antenna ex-
cited with the same power. The field strength from this arrangement
was slightly less than one-half that obtained with the array, indicating
a power gain for the array of approximately four to one. From Figure
7, we find the theoretical figure to be 4.27 to 1.

\ rf &
88X S
__ L0 o=Horizontal pattern
1% of full antenna ,
————t—XaHorizontal pattern,
l.14 " No.1 disconnected

e

Fig. 9—Result of field measurements.

CONSTRUCTIONAL DETAILS

The first full scale antenna was constructed for operation at 456
megacycles. The supporting pole extended 70 feet above the roof. The
radiators were nickel-steel tubes, copper plated. These tubes were made
with sufficient wall thickness to allow a slight taper. This taper is
supposed to avoid possible fracture due to vibration of the tubes. The
stand-off insulators are 8 inches in length. The transmission lines are
made up of No. 8 hard drawn wire. The antenna elements are placed
slightly less than one-half wave length apart so that the transmission
line length between elements is exactly one-half wave.

To achieve the proper phase shifts, the antenna is fed by an ar-
rangement of transmission lines as shown in Figure 10. If the lines
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have a characteristic impedance of 500 ohms, the following dimensions
will hold epproximately.

1. The distance from ¢ or d to the lowest antenna element is 0.355
wave lengths (plus any integral number of half-wave lengths desired).

2. The length of ¢ (or d) from line connection to shorting bar is
0.085 wave lengths.

Pl L LRI o

’

To Transmitter

|

Fig. 10—Transmission line arrangement.

3. e is any convenient length.
4. f equals e plus one-quarter wave length.

5. The distance from T-T to point of connection of g is 0.4 wave
lengths.

6. The length of g is 0.15 wave lengths.
Four strain insulators are placed at the top of the pole to neutralize
the pull on the top elements due to the transmission lines.

The transmission lines are connected to the antenna elements by
means of clamps placed 0.06 wave lengths from the surface of the
supporting pole.
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Small metal pads are fabricated to the pole to insure firm horizontal
mounting for the insulators and radiating rods.

In designing a particular antenna, consideration should be given
the highest recorded wind velocity, the possibility of the formation of
sleet on the antenna, and the possibility of excessive corrosion due to
proximity to salt water.

/

-fz -_1-1 A.’

Fig. 11—Horizontal radiation pattern—currents of equal magnitude
but varying in phase.

FACTORS AFFECTING HORIZONTAL RADIATION PATTERN

The design of the turnstile antenna has been based on the premise
that it is most desirable to have a circularly symmetrical horizontal
radiation pattern. It is, however, conceivable that such an antenna
might be located in the heart of a city which is oblong in shape. In
this event, it would be desirable to have a horizontal pattern which is
elongated. This may be accomplished by controlling the phase relation
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between currents in the two perpendicular sets of radiators or by
controlling the ratio of the currents in these two sets.

Figure 11 shows what happens to the horizontal radiation pattern
when the currents in the two sets of elements are held equal in magni-
tude but the phase relation is shifted. We see that the pattern can be
elongated along a line which bisects the angle formed by the two sets
of radiators. Figure 12 shows similar results when the current ratio
is varied, but the currents are held in quadrature. Here the elongation
points along the axis of one of the antenna elements. By choosing the

Fig. 12—Pattern with varying currents but with constant phase
difference of 90°.

proper phase and current ratios, it is possible to make the elongation
occur at any angle in the horizontal plane.

FIELD INTENSITY MEASUREMENTS

As stated previously, the first full scale antenna was constructed
for operation at 45 megacycles. This antenna was located on the roof
of a building in an urban district. The top of the turnstile antenna is
470 feet above sea level and 310 feet above grade. Before the antenna
was placed in operation, the probable field strength as a function of
distance was estimated from the formula
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88 ha VWK
E =
3Ar?
where

F = field intensity in volts per meter
A = wave length (meters)
r = horizontal distance (meters)
h = height of transmitting antenna (meters)
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Fig. 13—Field intensity measurements based
on 1,000 watts into antenna.

a = height of horizontal receiving antenna above ground
(meters). It was known that this dimension would be 8
meters for the measuring equipment.

W = power into the antenna (watts)
K = power gain factor from Figure T.

Curve A, Figure 13, shows the curve calculated from this formula, on
the basis of 1,000 watts and a power gain of 4. Curves B and C are
reference lines placed 10 db above and below A. Curve D is computed
from a more exact formula. The points shown on Figure 13 are the
measured points on the basis of 1,000 watts, when the horizontal re-
ceiving antenna was 8 meters from the surface of the earth. The
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points are naturally scattered since the measurements were made
through the city.

The theoretical curves show that the field intensity drops off as the
inverse square power of the distance, and thus is a straight line with
a slope of —2.0 when plotted on log paper. By means of the theory of
least squares, an analysis was made of the experimental points for all
measurements made at one mile or more. The best straight line on log
paper was found to have the equation

E =170/r198

where E is the field strength in millivolts per meter and r is the dis-
tance in miles. Curve E, Figure 13, shows this equation.

When the 45 megacycle antenna was placed in operation, another
striking effect was noticed. Observers reported that, in districts where
signals from a single half-wave antenna had fluctuated as much as ten
to one due to changes in field distribution due to moving automobiles
and possibly elevator cables, the signal from the turnstile only shifted
between limits whose ratio was two to one. This effect is probably due
to the fact that the transmitting antenna is spread through a space
two and one-half wave lengths long, thus giving “diversity” effect.
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FREQUENCY CONTROL BY LOW POWER FACTOR
LINE CIRCUITS*

By

CLARENCE W. HANSELL AND PHILIP S. CARTER
{R.C.A. Communications, Inc., Rocky Point, L. 1., New York)

Summary—This paper points out the advantages of concentric conductor
lines as low power factor or high Q resonant circuits for controlling the fre-
quency of very high frequency oscillators. The electrical characteristics of
lineg of various dimensions at various frequencies is given. Several forms
of temperature compensated lines are described. Oscillator circuits, circuit
combinations, and precautions for obtaining stable transmitter frequencies
are suggested. Photographs of typical line controlled transmitters are in-
cluded. The results obtained with line control indicate that the method has
great potential usefulness comparable with the usefulness of piezoelectric
crystal control.

INTRODUCTION

N A previous paper! it was pointed out that sections of transmis-
I[ gion line could be used to stabilize the frequencies of transmitters.
It was suggested that the lines, serving as very low power factor
circuits, might be used advantageously to replace piezoelectric crystals
in transmitters operated with relatively high power output and at
very high frequencies. Since publication of the previous paper much
progress has been made in the design of lines for frequency control
and in their application to transmittters operated with output fre-
quencies ranging from about seven to 500 megacycles.

The form of line best suited for frequency control is one made up
of two concentric conductors, with the outer conductor completely
enclosing the inner one. This form of line is relatively easy to con-
struct and is completely shielded. The power factor of the line as a
resonant circuit is not increased by radiation or coupling to surround-
ing objects and circuits. If desired, the outer conductor may be utilized
as a means of mounting and support for tubes and other circuit
elements. Copper is one of the most satisfactory materials from which
to construct the line for ordinary applications but aluminum or alu-
minum alloys may be used where weight is an important consideration.

* Decimal classification: R355.6. Presented before I.R.E. Tenth Annual
Convention, Detroit, Mich., July 1, 1935.

1 Conklin, Finch, and Hansell, “New Methods of Frequency Control
I(Emglc;ying Long Lines,” Proc. I.R.E., vol. 10, pp. 1918-1930; November,
1931).

Reprinted from Proc. I.R.E., April, 1936.
53
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The degree to which a line can be made the predominating element
in determining the frequency of an oscillator is proportional to the
amount of oscillatory energy which may be maintained in it with a
given amount of power. Therefore the quality or figure of merit for
the line may be taken as the ratio of oscillatory energy to power loss.
This ratio is popularly known as the Q of the line.

The effective length of line may be near any number of quarter
wave lengths. Making the line longer than a quarter or a half wave
will not improve its @, or sharpness of tuning, but it will increase the
amount of oscillatory energy which can be stored in the line without
flashover or excessive temperature rise. Usually it is preferable to
obtain the desired storage rating by using large diameters rather than
a length exceeding a quarter or half wave.

CHARACTERISTICS OF LINES

The mathematical determination of the characteristics of concen-
tric conductor lines gives the results listed in the following table of
formulas, the derivation of some of which will be given in an ap-
pendix:

Symbols

a =radius of outside surface of inner conductor in centimeters
b =radius of inside surface of outer conductor in centimeters
f = frequency

I = current in line at point of maximum current

A = wavelength in meters

Formulas
Inductance, L =2 X (10) =7 log, b/a henrys per meter.
Capacity, C = (10)—%/(18 log, b/a) farads per meter.
Characteristic impedance, Z =60 log, b/a ohms.
Resistance, R =41.6(10)—7 X Vf(1/a + 1/b) ohms per meter for
a line constructed of copper.
Attenuation constant « = R/2Z.

Power loss in a tuned line, W = I?R\/8 watts per quarter wave of
line for a line constructed of copper.

Oscillatory energy, VA ==fLI*?A/4 = I*A/16%fC per quarter wave.

Figure of merit of a tuned copper line, Q =VA/W =2#fL/R =
1/2=fCR.

Maximum figure of merit obtainable with a copper line, for a given
value of b, i8 Q pax = 1/(6.86(10) —*\/X/b) = 1460 b/ /.
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Ratio b/a giving maximum Q, for a given value of b is 3.6. (See
footnotes 2, 3, and 4.)

Value of maximum voltage gradient = E/ (a log, b/a).

Ratio b/a giving smallest maximum voltage gradient for a given
maximum voltage and a given value of b is 2.72.

Ratio b/a giving minimum voltage gradient for a given oscillatory
energy and a given value of b is 1.65.

Assuming equal thickness of inside and outside conductor the great-
est oscillatory energy storage is obtainable per pound of copper when
b/a = 4.68.

To obtain maximum impedance with a section of line, having a
given value of b, (for example, for use as the equivalent of an insula-
tor) the ratio of b/a should be 9.18.

Mazims

There are certain maxims made apparent by the study of charac-
teristics of concentric conductor lines which are very useful in rapid
interpolation of line characteristics.

1. The Q of a line is inversely proportional to the square root of
the resistivity of the material used in it.

2. The Q of a line is proportional to the square root of the fre-
quency and inversely proportional to the square root of the wave-
length.

3. The Q of a line is proportional to the diameter of the conductors
8o long as the ratio of diameters is constant.

4. The maximum allowable oscillatory energy in a line is substan-
tially proportional to the square of the diameters so long as the ratio
of diameters is constant.’

Examples

Figure 1 shows the value of the figure of merit, @ for various fre-
quencies and diameters of the outer conductor of concentric conductor
copper lines, assuming a ratio of diameters of 3.6. The values of @ for
other materials and frequencies may be determined readily with the
aid of maxims 1 and 2.

2 C. S. Franklin, British Patent No. 284,005 and corresponding U. S.
Patent No. 1,937,559.

3 Sterba and Feldman, “Transmission Lines for Short-Wave Radio Sys-
tems,” Proc. I.R.E., vol. 20, pp. 1163-1202; July, (1932).

1}, E. Terman, “Resonant Lines in Radio Circuits,” Elec. Eng., vol. 63
pp. 1046-1061; July, (1934).

5 For more exact laws of variation in flashover voltage gradient and
energy storage of lines of different dimensions see “Dielectric Phenomena in
High Voltage Engineering,” published by McGraw-Hill, and other publica-
tions of F. W. Peek, Jr.
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At 60 megacycles the minimum length of inner conductor to tune
would be about 125 centimeters (49 inches). From mechanical con-
siderations a reasonable diameter of outer conductor might be taken
as 60 centimeters (24 inches). The inner conductor would be 6.5
inches in diameter. The over-all dimensions required for the finished

line would be about 24 X 24 X 72 inches. A line of this size would have
a Q of about 20,000. Only ten watts of input power would be required

to maintain an oscillatory energy of 200 kilovolt-amperes in this line.
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Fig. 1-——Values of @ (inverse of power factor) for concentric conductor
copper lines of various diameters at various frequencies, assuming
a ratio of diameters of 3.6.

Temperature Coefficient

Tests and theory indicate that lines made up of straight tubular
conductors have a temperature coefficient of frequency variation cor-
responding fairly closely to the mechanical temperature coefficient of
linear expansion for the material of which the line is made. So long
as both conductors have the same temperature, the ratio of their diam-
eters and, therefore, the electrical constants per unit of length do not
change with temperature. To a reasonable degree the change in fre-
quency with change in temperature can be considered as due only to
change in length.

In practice, lines used for frequency control are also subject to
frequency variations due to unequal heating of inner and outer con-
ductors. This effect is most evident in lines used with relatively large
power dissipation and low frequencies and causes a temporary fre-
quency drift while the line is warming up. The effect can be made
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small by using large dimensions and heavy material of good heat con-
ductivity in the line. It is not very important in oscillators operated
at 50,000 kilocycles or higher with power levels obtainable from com-
mercially available tubes.

The approximate temperature coefficient of linear expansion, the
resistivities and heat conductivities for materials which may be used
advantageously in the construction of lines are as follows:

ADIYSTING VU T~

SPRING
END FLATE-
THRUST CHULA
COUPLING COLLATR. 2
¥ INVAR FOD
|__-coPrPER INVER

S| | covpecror
; | COPPER OUTER
INSULATOR. covDycror

e FLEX1 BLE COFPFPER
oW FASS BELLOWS

~~f£aD PLATE

END CASTING

TAFFED CoMMECTIN

CovER

Fig. 2—Cross section of concentric conductor line one-quarter wave long
having frequency adjustment and temperature compensation by
means of flexible metal bellows and invar rod.

Tempﬂeirz‘ltutre lllZleldtl;lcl:tu ' @ Illenlt. i
Material Partsper Ailion | Ohmyemsx (10) | Calariosemisic
Copper 16.8 1.7 0.9
Aluminum 23.1-25.6 2.8 0.6
Brass 19 6.4-8.4 0.2-0.26
Invar (1st category) 0.8 or less 80 0.026

Reducing the Temperature Coefficient

One of the simplest and most effective means for reducing the tem-
perature coeflicient of frequency variation is to hold the effective length
of the inner conductor constant regardless of temperature. This can
be done in the manner shown in Figure 2, where a small portion of the
inner conductor is made in the form of a flexible metal bellows, and
the inner conductor, including the bellows, is held constant in length
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by means of a rod of material, such as invar, which has a very low
expansion coefficient. This construction is also particularly well
adapted to making exact adjustments of frequency by adjusting the
free length of the invar rod to stretch or compress the flexible bellows.

Figure 3 shows a form of line constructed with two sizes of inner
conductor in such a way that the over-all length of line required to
tune to a given frequency is greatly reduced. The lengths of each of
the two sizes of conductor are made substantially equal and the over-
all length of both is held constant with the invar rod and flexible
bellows system.

ALTERNATIVE
TAPPED CAWECT/IONS,

\,
| -

Fig. 3—Cross section of concentric conductor line having frequency adjust-
ment and temperature compensation combined with shortening of over-all
length by use of two diameters of inner conductor.

In such a line the smaller conductor and outer pipe form an effec-
tive inductance while the larger conductor and outer pipe form an
effective capacity. The inductance and capacity are each very nearly
proportional to the length of the respective conductors. Since the
over-all length of the two inner conductors is constant, and the two
are equal in length, any elongation or contraction of the smaller con-
ductor, due to change in temperature, causes an equal and opposite
percentage change in the larger conductor. Thus changes in temper-
ature vary the inductance and capacity of the circuit equally and
oppositely and there is little if any change in natural frequency. If
lines are to be used which are physically shorter than a quarter wave,
the general arrangement of Figure 3 is a satisfactory form of con-
struction.
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Another method for reducing the temperature coefficient and at
the same time shortening the line is indicated in Figure 4. This form
of line makes use of the difference in temperature coefficient of expan-
sion of copper and aluminum to vary the capacity of C in a direction
tending to compensate for variation in length of the inner conductor.
If the line temperature rises the aluminum expands more than the
copper and 8o increases the spacing of the plates at C. This decreases
the capacity at C and tends to increase the resonant frequency of the
line, compensating the tendency for the frequency to decrease as the
copper inner conductor increases in length. This arrangement also
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Fig. 4—Cross section of temperature compensated line employing copper
inner conductor and aluminum outer conductor.

Fig. 5—Cross section of temperature compensated line employing aluminum
inner conductor and copper outer conductor.

tends to compensate for the higher temperature rise of the inner con-
ductor due to losses in the line. Figure 5 is an inverted variation of
the arrangement shown in Figure 4. Both these arrangements require
careful design, construction, and adjustment and are not so convenient
to use as the lines of Figures 2 and 3.

Figures 2, 3, 4, and 5 show quarter-wave lines which are most obvi-
ously applicable to single tube oscillators. Of course, the lines may
also be made a half-wave long, equivalent to two quarter-wave sections
in series, in which case they are most readily applicable to push-pull
oscillators. To save over-all length the half-wave system may be bent
into the shape of a U as shown in Figure 6.

Figure 6 shows a means for compensating the effects of tempera-
ture variation by using the relatively large variation in volume of
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some liquids, such as lubricating oil, with change in temperature to
operate a condenser plate. The oil is contained in a pipe system exposed
to the same temperature variations as the line and operates the con-
denser plate through a flexible metal bellows and a lever arm. By suit-
ably locating the oil piping and varying its insulation, together with
proper adjustment of the condenser plate and bellows it is possible
to obtain quite close compensation for temperature variations due to
changes in ambient temperature and due to line losses. However, con-
siderable skill and patience is required in making the design and
adjustment.

Eventually, when materials of low temperature coefficient become
more readily available in commercial shapes it is probable that they
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Fig. 6—Half-wave line with temperature compensation by means of con-
denser plate controlled by expansion and contraction of a liquid.

will be used to obtain lines having low temperature coefficients without
compensating arrangements. Lines constructed of these materials will
require silver or copper plating of the conducting surfaces.

Internal stresses in the material of the lines, which may cause pro-
gressive changes in dimensions due to temperature cycling, should be
avoided by care in manufacturing or by suitable heat treatment. This
source of frequency variation is most troublesome in newly constructed
lines and will usually decrease with age.

Circuits for Line Controlled Oscillators

In general, lines may be used for frequency control, and will oper-
ate in a manner similar to piezoelectric crystals. They differ from
crystals chiefly in their ability to control high power oscillators and in
their ability to perform satisfactorily at frequencies far higher than
can be reached by crystals. As we go to higher frequencies, crystals
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gradually become less useful in stabilizing oscillators while lines
increase in their stabilizing ability.

Figure 7 shows a line controlled oscillator similar to one often used
for crystal oscillators. In operating this circuit it is best to adjust the
regeneration control condenser to give about the smallest feedback
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Pig. 7—Single tube line controlled oscillator circuit.

from plate to grid circuit which can be used to make the oscillator
work efficiently. Any excess feedback reduces the ability of the line
to stabilize the frequency. The circuit will function with the regenera-
tion control condenser set either above or below the capacity value
required for a balance but one adjustment or the other will be prefer-

Fig. 8—Push-pull line controlled oscillator circuit with half-wave line.

able depending upon the ratio of effective resistance in anode and grid
circuits and the frequency. The resistance ratio, electron time lag at
very high frequencies and feed-back adjustment are all factors which
should be taken into account to determine which adjustment will give
the best phase relation between anode and grid radio-frequency
voltages.

Figure 8 is a push-pull oscillator circuit similar in principal and
operation to the single tube circuit of Figure 7.
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Figure 9 is a circuit suitable for stabilizing the frequency of a
push-pull oscillator by means of a quarter-wave line. In this circuit
the grids of the two tubes are inductively coupled to the line by means
of coupling loops of opposite polarity.

Line Controlled Transmitter Combinations

In some cases, where the antenna system is made mechanically
rigid and free from variations in input impedance due to weather, it
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Fig. 9—Push-pull line controlled oscillator circuit with quarter-wave line
and inductive coupling to line.

is possible to obtain acceptable frequency stability with the oscillator
coupled directly to the antenna. For very high frequency transmitters
of limited range, in places where interference is not a problem, single
stage transmitters will often be entirely satisfactory and can be recom-
mended. The interisland radiotelephone system of the Mutual Tele-
phone Company, in Hawaii, where single stage line controlled trans-
mitters have been in regular commercial operation since 1931, is an
excellent example.!®

In most cases, however, it is desirable or necessary to interpose one
or more stages of amplifier between the line controlled oscillator and

¢ Beverage, Peterson, and Hansell, “Application of Frequencies Above
30,000 Kilocycles to Communication Problems,” Proc. I.R.E., vol. 19, pp.
1313-1333; August, (1931).

www.americanradiohistorv.com


www.americanradiohistory.com

Hansell and Carter: Frequency Control 63

the antenna. For most ordinary requirements a single radio-frequency
amplifier between oscillator and antenna will suffice if the amplifier is
carefully neutralized and shielded to prevent feedback to the oscillator.

For very accurate frequency control, such as will be required in the
future to make maximum use of very high frequencies, two stages of
amplifier following the oscillator are recommended. At frequencies
near the upper limit for the tubes it is desirable to operate the master
oscillator at a half or a third of the final output frequency and to fol-
low it with a frequency multiplying amplifier and a power amplifier.
The use of frequency multiplication permits the oscillator to work at a
lower frequency where the tubes are more efficient and very greatly
reduces the probability of frequency changes due to variable radio-
frequency feedback from the later stages.’

When line control is used to control a relatively low-frequency
transmitter it will sometimes be desirable to operate the oscillator at
two or three times the output frequency and to follow it with a con-
trolled oscillator and power amplifier, both operated at the output fre-
quency. This greatly reduces the dimensions of line, and improves its
frequency holding ability. By careful design and adjustment the con-
trolled oscillator can be made to serve as an uncoupling link between
the oscillator and power amplifier with an effectiveness about equal
to that obtained from a frequency multiplier.

The controlled oscillator should have weak regeneration at the
output frequency so that the grid voltage at the output frequency and
the grid voltage at the harmonic input frequency will not be greatly
different. It may also be noted that the controlled oscillator should not
be amplitude modulated by any great amount. Amplitude modulation
should be applied only to the power amplifier.

PRECAUTIONS FOR REDUCING UNDESIRED MODULATIONS

In general, line controlled oscillators require the same precautions
for obtaining a pure continuous wave output as are required for crystal
oscillators. Ripples in the direct power voltages and alternating cath-
ode heating current all tend to produce undesired amplitude phase,
and frequency modulations of the output. Because of the line these
undesired modulations will be far less than they would be in a simple
oscillator but they will always be present.

The most obvious means for reducing these modulations are to use
very smooth direct voltages and direct-current cathode heating. Both

7 Hallborg, Briggs, and Hansell, “Short-wave Commercial Long-distance
Communication,” Proec. I.R.E., vol. 15, pp. 467-500; June, (1927).

www.americanradiohistorv.com


www.americanradiohistory.com

64 Hansell and Carter: Frequency Control

of these expedients are undesirable from the standpoint of cost, sim-
plicity, and reliability but may be necessary in some cases. In other
cases, satisfactory results may be obtained while using alternating-
current cathode heating and impure direct-current anode supply by
taking a few simple precautions.

Amplitude modulations introduced in all but the last stage, may be
kept small by using sufficient excitation in the later stages to produce
limiting. If the last stage is amplitude modulated by means of the
Heising constant current modulating system this stage is automati-
cally provided with very good anode supply smoothing by the modula-
tion choke.

Elimination of undesired phase and frequency modulations requires
holding constant tube impedances and the use of circuits tending to
minimize the effect of changing impedances upon the tuning of the
circuits. Small grid current and the use of grid leak and cathode return
resistor biasing, particularly in the oscillator and next succeeding
amplifier, assist materially in holding constant effective grid imped-
ances, provided the resistances have sufficiently small parallel dielec-
tric capacity to prevent appreciable phase lag in bias variation in
response to radio-frequency amplitude variations. Also the effective
series radio-frequency reactance from the anodes of one stage to the
grids of a succeeding stage must be made a minimum. Leads from the
output circuit of one stage to the input circuit or grids of a succeeding
stage should be large and extremely short or else equal to a half wave
or multiples of a half wave long. Leads which are near a quarter wave
or multiples of a quarter wave in length should be carefully avoided.

It is interesting to note that any phase or frequency modulation
noise introduced in an early stage of a transmitter will be increased in
proportion to the amount of frequency multiplication used after that
stage. A crystal controlled transmitter having an output of 100,000
kilocycles would probably start out with an oscillator frequency of
about 3125 kilocycles. One degree of phase modulation in the output
of the crystal oscillator would then appear as thirty-two degrees in the
output of the transmitter and produce side frequency energy equiva-
lent to that obtained with about sixty per cent amplitude modulation.
With line control the oscillator may be operated at the output frequency
so that one degree of phase modulation in the oscillator will appear as
one degree in the transmitter output.

Mechanical vibration of the line and circuits must be prevented.
This requires rigid construction of the line and all coils, condensers,
leads, etc. Poor workmanship must be avoided. If the equipment is
to be operated near rotating machinery or other sources of vibration
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it is desirable that the whole radio-frequency system be hung on
springs and rubber shock absorbers so adjusted that the rubber is
subjected to little initial stress.

Fig. 10—Line coatrolled master oscillator for commercial transmitter
WQ0-6725 kilocycles.

Fig. 11—Line controlled master oscillator for commercial transmitter
WHR-13,420 kilocycles.

ExaMPLES OF LINE CONTROLLED TRANSMITTERS

Transmitters WQO and WHR
Figures 10 and 11 show the general construction and mounting of
the lines used to eontrol the frequencies of transmitters WQO—6725
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kilocycles and WHR—13,420 kilocycles, respectively, at the Rocky
Point, New York, station. These two transmitters each have two RCA-
846 tubes in a push-pull master oscillator, employing the circuit
shown in Figure 8, and two UV-858 tubes in a push-pull power ampli-
fier. The master oscillators are located inside the boxes at the ends
of the lines, above the power amplifier units. Keying is accomplished
by grid-bias control of the master oscillators. Both transmitters are
supplied with anode power from a common rectifier. The two trans-
mitters are operated alternately for day and night service but can be
operated simultaneously at reduced power. Both are started, stopped,
and keyed by remote control over the control circuit from New York,
about sixty miles away. Application of keying energy to the control
circuits in New York automatically starts up either transmitter and
removal of the keying for several minutes automatically shuts it down.

These two line installations are each a half wave long and employ
the arrangement illustrated in Figure 6 for compensating the effect of
temperature variations upon the frequency. The line for WQ0O—6725
kilocycles has an outer pipe eight inches inside diameter, #10 Stubs
gauge copper and an inner pipe of two-inch iron pipe size copper. The
line is built up in four sections joined together at the ends into one
half-wave oscillator circuit.

The line for WHR—13,420 kilocycles has an outer pipe twenty
inches diameter, #12 Stubs gauge copper and an inner pipe of five-
inch iron pipe size copper. It is built up in two sections bent into one
U-shaped oscillator circuit.

The RCA Central Frequency Bureau, at the Riverhead, New York,
receiving station, makes frequent routine checks on the frequencies
of all transmitters operated by R.C.A. Communications, Inc., as well
as those of most other transmitters engaged in long-distance service.
These routine checks have been utilized to determine the relative
effectiveness of line control in maintaining the frequencies of WQO
and WHR.

Taking the period of May 1, 1934, to April 30, 1935, as representa-
tive, these checks show maximum variations of WQO and WHR to be
0.01 and 0.015 per cent, respectively. The average of maximum varia-
tions reported in any one week were WQ0—0.0052 and WHR—0.0056
per cent. The average of weekly maximum variations reported for a
representative group of fifty crystal controlled transmitters in the
same period was 0.0115 per cent.

Figure 12 is a photograph of W2XHG—25,700 kilocycles, 100 to
150 watts, located on the roof of the RCA Building, New York City.
This transmitter as shown in the photograph had a line controlled
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master oscillator followed by a modulated power amplifier, utilizing
RCA-852 tubes. The line was constructed in the manner illustrated in
Figure 3. For propagation survey purposes the transmitter has been
adjusted successively for a range of frequencies from 25,700 kilocycles
upwards. The antennas usually used have been horizontal dipoles at

Fig. 12—Line controlled transmitter on roof of RCA Building, 30 Rockefeller
Plaza, New York City, operated at 25.7 megacycles or higher.

the top of a mast which extends from the transmitter room to about
twenty-eight feet above the roof. The base of the mast may be seen
at the left of the transmitter. The transmission line to the antennas
was run inside the mast.

Figure 13 is a photograph of W2XBN-—91,800 kilocycles, 100
watts, located on the top fioor of the Continental Bank Building at
30 Broad Street, New York City. This transmitter utilizes RCA-852
tubes and has a line controlled oscillator, similar to Figures 2 and 7,
at 45,900 kilocycles followed by a frequency doubler and an amplifier
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system. It provides a multiplex radio control circuit between the cen-
tral traffic office of R.C.A. Communications, Inc., at 64 Broad Street,
New York City, and the transoceanic station at New Brunswick, N. J.
A directive antenna on the roof provides a power gain of about eight
to one.

Figure 14 is a photograph of W2XS—200,000 kilocycles designed
with a master oscillator utilizing RCA-800 or RCA-834 tubes followed
by a power amplifier utilizing small water-cooled tubes. Both stages
operate at the same frequency. The final output is about 250 watts.

Fig. 13-—Line controlled transmitter on roof of Continental Bank Building,
30 Broad Street, New York City, operated at 91.8 megacycles.

Up to the time of writing this paper about twenty-five or thirty
line controlled transmitters for both experimental and commercial
service have been built. At the lowest frequency, 6725 kilocycles, the
power output was about thirty kilowatts. At the highest frequency,
450,000 kilocycles, the power output has ranged up to 110 watts.

CONCLUSION

Our experience during the past six years with line control of oscil-
lator frequencies indicates that the method has great potential useful-
ness. It seems almost certain that it will provide a frequency stabiliz-
ing device for use at frequencies above about 20,000 kilocycles of as
great practical value as piezoelectric crystals have been for use at

lower frequencies.
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APPENDIX
Radio-Frequency Resistance

In order to illustrate the principles involved in the phenomena of
skin effect we shall first consider a very simple case. Assume a tubular
line in which the inside conductor consists of two thin cubes a and b,
differing in radius by da connected in parallel and in which the single
tube outside conductor has the radius C. (See Figure 15.)

Fig. 14—Development model line controlled transmitter for
operation at 200 megacycles.

Faraday’s law states that the line integral of electric force around
any closed circuit is equal to the negative rate of change of magnetic
flux through the circuit, in accordance with the right-hand screw rule.
Taking a path of unit length on conductors @ and b in a plane cutting
them longitudinally, we have £, — E, = d/dt (®,,). The magnetic force
H between e and b is equal to 2i,/a. If the current is sinusoidal and
represented by the real part of I/, d/dt(i,) = jwi, and E, — E,
= — jw(2{,/a)da, as the area of a unit length is da. If R is the re-
sistance of both ¢ and b we have from Ohm’s law:

EG=iGR and Eb=ibR'
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Hence R(i, —1,) = — 1, (2ju(da/a)). 2da/a is the inductance per
unit length of a circuit consisting of tubes a and b alone. Calling this
Ly, we have:

R(i, — 1) = — jull,
or, R
ol iy = ——.
R + joL,,

From this relation it is apparent that if either the resistance
approaches zero or the frequency approaches infinity, the current will
all flow in the tube of larger radius. Also it should be noted that the

Y
Fig. 15 Fig. 16

radius C of the return conductor has no effect upon the distribution
of the current between a and b.

Let us now consider the actual problem of current distribution
within a solid conductor. For frequencies of the order of megacycles
we know the penetration of current to be very small. If we assume
this at the start so that we can neglect a change in resistance of
successive thin cylinders as the radius is decreased, the problem of
determination of effective resistance is greatly simplified. We shall
proceed upon this assumption. Call the distance from the surface of
the conductor X and the distance along the axis Z. (See Figure 16.)

Let u = the current density = the real part of Ueft 30 that du/dt
= JolUl.
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Take a cylinder of thickness dx at a distance X from the surface
and draw a circuit of unit peripheral length. The total current within
this circuit is udx, the magnetic force at X is H and at X + dz is
H + (8H/8x)dx. The line integral around the circuit is then H —
(H 4+ (8H/8x)dx) =— (8H/8x)dx.

This by Ampere’s law is equal to 47 times the total current in-
cluded.

Hence 4nudx = — (8H/8x)dx or dnu=— SH/8x.

Now take a circuit in a longitudinal plane. Since the current in the
first case was assumed flowing into the paper the line integral of
electric force around a circuit of unit length is

SE SFE
—E+|{E+—dx |=—dx.
. Sx S

This by Faraday’s law is equal to the negative rate of change of
magnetic induction included by the circuit, or pd/dt (Hdzx).

Hence,
SE dH
—— dx =— p—— dx where p. = permeability
Sx di
or,
SE dH
sz dt

Differentiating with respect to X and substituting for §H/8x we get
82F d SH du

=—p—| — ) =drp——=Adnpjou.
da? dt Sx dt

However, from Ohm’s law E = pu where p is the resistivity. Hence
8%u/8x* = j(4mwou/p). The solution of this differential equation is

w = uoe—(a-l-ja)z
where,

a=\2xon/p.

The total current per unit peripheral length is then

® Uo Uo .
io = 1o e—aljlr — —= e—it/4)
o a(l+j) V2a
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The average heat loss per unit area and un.it length is (U*/2)pdx
or (Uy%/2) (e—2%)%dx.

The total heat loss per unit width is

(Uy?p/2) f e dr = Uyp/4a = p(is*/a).
1]

Hence the effective resistance=pV2ruw/p= V2mupw per unit
width.
For a radius r the resistance is R = V2wppn/27r = \/ufp/r electro-
magnetic units.
In practical units R =V ufp/r X 10— ohms per centimeter length
for » in centimeters.
For copper p = 1724 electromagnetic units, p =1 and R = (41.5/7)
VF X 10—° ohms per centimeter of length.
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Fig. 17

The relation for current distribution shows that the current density
falls off exponentially as we proceed away from the surface into the
wire and the phase shifts through an angle of ninety degrees in pro-
ceeding from the conductor surface to an internal position where
the value of the current is negligible. The phase angle of the total
current lags that of the surface current by forty-five degrees. We
may consider this phase-shift effect to be due to an internal self-
inductance. It may be of interest to note the manner in which the
current distributes itself near the surface of a conductor at different
frequencies. This is shown for several frequencies in Figure 17. It
may be noted that for a frequency of ten megacycles the current
density becomes ten per cent of its value at the surface at a distance
of five-thousandths of a centimeter. It is apparent from the foregoing
reasoning that the same relations hold for both the internal and ex-
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ternal conductors of a concentric tube line. Hence for the total resis-
tance of a unit length of concentric copper tube line we have R=
41.5 X 10—° VF(1/a + 1/b) ohms per centimeter where ¢ and b are
the radii of the tubes in centimeters.

Power Factor

A tuned transmission line short-circuited at the far end an odd
number of quarter waves long has a distribution of voltage given
approximately by E = E, cos 2rx/A and a current distribution given
by i = (Ey/Z,) sin 2rx/A where X is the distance, Z, the characteristic
impedance = VL/C, and E, the input voltage. For open-circuited lines
any integral number of half waves long the distribution of voltage and
current is given by E = I,Z, sin 2rz/X and I =1, cos 2mx/A.

The power dissipated in a section of length dx is ?Rdx where R is
the resistance per centimeter.

1
The total power is then W=/10'-'R sin?(2rx/A) dx =(1/2) I,*RL.
0

Hence the effective resistance is R/2. The displacement current
in a length dx is Ewcdx and the voltamperes (VA) = E?wcdx where ¢
is the capacity per centimeter of length.

The total volt-amperage is then

! 2nx weEl  wEgl Iy
VA= wocEy? sin dx = = =—,.
0 A

2 20/\ wl
watts
For all practical purposes the effective power factor =
VA
Yol Rl R
T YE el Zgtee
But Z, = 60 log, b/a
1 1
and C = X — X 10— farads per centimeter
2log, b/a 9
R
and the power factor = PF = where R is in

2 X 10—% log, b/a
ohms per centimeter length but B = Vpf(1/a + 1/b) X 10—? assuming
non-magnetic conductors.
1 1 > Ve

Hence PF =| — + —
a b/ 20log . b/a
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33 /1 1 1
and for copper PF=——{ 4 | —— for ¢ and b in centi-
vVil\e b log, b/a

meters.

The power factor may be expressed in terms of the attenuation
constant in which it becomes PF = a\/7 where « is taken for the same
unit of length as A.

When b/a is made the best ratio, 3.6, for minimum loss, the power

I 1 f
factor becomes PF = — —orQ=—=1A4na -— and for cop-
4ra f PF np
2%
per PF =1.905 X 10—5——, for a and A in centimeters, and
a
o

Q=525 X10—*%—.
VX

Voltage Gradient

The maximum electric force or voltage gradient £ for a concentric

\%4 1
tube line is given by ¥, = ————— X — volts per centimeter where V
log, b/a a

is the voltage. For a given voltage and given outside tube diameter
this becomes a minimum when b/a = ¢ == 2.72. However, this is not
usually of interest. The important consideration is that of obtaining
a maximum of volt-amperage for a given gradient. In terms of volt-
amperage the gradient £ becomes

60
E =

/a(log, b/a)V/z.

T

Minimizing this expression we find b/a.= ¢ '/* == 1.65.

For this ratio the gradient becomes

10.2 va
= — —— volts per centimeter.
b /A

When the line is designed for a minimum loss (b/a =3.6) the
gradient is thirty-six per cent greater than the value given above.
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Input Impedance

The input impedance Z, of a quarter-wave line short-circuited at
its far end or of a half-wave line open at its far end is

Zo Zo

Zi:———————z—

tanh al al
where « is the attenuation factor.
However, « = R/2Z; and therefore
2Z,?
Rl

Zi=

which in terms of b and a becomes

2.602 (log, b/a)?

Zi=
415 X 10°/F (1/a +1/b) 1

Maximizing this expression we find Z; to be a maximum when
b/a =¢20+a/b) or b/a=9.18.

When the ratio is 9.18 the input impedance becomes

8.4 X 101
Z,=- ~————— X b ohms, for b and [ in centimeters
V1l
=11.2b V¥ for a one-quarter-wave-length line (closed)
or 5.6b VT for a one-half-wave-length line (open).
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A CATHODE-RAY FREQUENCY-MODULATION
GENERATOR
By

R. E. SHELBY
Engineering Staff, National Broadcasting Company. New York

Summary—A new device is described for phase or frequency modulating
a carrier wave obtained from a source of constant frequency and phase.
It consists esgsentially of an electron gun, a target anode of special design
and a means for deflecting the cathode-ray beam. Deflection of the beam
is by means of two carrier voltages derived from a common source, but
differing in phase by 90° and applied in such a way that the electron stream
traces a circular path on the target anode. When amplitude modulation 1is
applied to the deflection voltages, a phase-modulated signal is obtained n
the circuit associated with the target anode. Frequency modulation may
be obtained by proper pre-distortion of the audio-frequency signal prior to
modulation.

A U-H-F radio transmitter set-up used in testing such a device is
described.

frequency or phase modulating a carrier signal obtained from

an oscillator of constant frequency and phase, such as a crystal-
controlled oscillator. However, various embodiments of the underlying
principle may be used for other purposes.

The majority of the known methods for generating frequency or
phase modulation involve variation of the frequency or phase of the
master oscillator. There is one well-known method of producing phase
modulation of a carrier obtained from a constant source which involves
the addition of two voltages of the same constant frequency having a
constant phase difference of 90°, one voltage having constant amplitude
and the other varying in amplitude with the modulation signal.

This method is limited to maximum phase shifts of the order of
30°, which means that in order to obtain a large shift at the final
carrier frequency, it is necessary to employ frequency multiplication
of large ratio. The method to be proposed here does not have this
limitation. Theoretically it should give distortionless phase shift of
many times 360°.

Structurally the device consists essentially of an electron gun, two
sets of electrostatic deflecting plates, and a target anode of special
design, enclosed in an evacuated container of suitable size and shape.
A typical arrangement is shown schematically in Figure 1. It will be
seen that the device illustrated is similar to a conventional cathode-ray
oscillograph tube. The only fundamental difference is the novel design

THE device to be described is proposed mainly as a means of

Reprinted from Electronics, Feb. 1940.
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of the target anode. Figure 2 illustrates one form which the target
anode may have. It consists of two (or more) metallic plates with
curved edges, upon which the electrons from the electron gun impinge.
In order to obtain phase modulation in which the angular shift is a
linear function of the modulation amplitude the edges of the plates
have a curvature given by the polar equation

which defines an Archimedian spiral.
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Fig. 1.

In operation the electron stream is deflected in such a way that
it traces out a circle on the target anode, the diameter of the circle
being a variable which is directly proportional to the instantaneous
value of the modulation signal. This involves no new concepts for
anyone familiar with cathode-ray oscillographs. When controlled in
this way the electron stream produces a phase (or frequency) modu-
lated wave upon striking an anode having the special design just
described. Operation of the system will now be described more fully.

The electron gun is controlled and focused by adjusting the d-c
potentials applied to the cathode, control grid, screen grid, and first
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anode, just as in the case of oscillograph tubes and kinescopes. The
electron stream is sharply focused on the target anode and when there
is no voltage applied to the electrostatic deflecting plates it is adjusted
to strike the exact geometrical center of the target anode. The inputs,
which consist of two carrier waves of equal frequency and almost equal
amplitude, but differing in phase by 90° and having the same ampli-
tude modulation, are applied to the two sets of electrostatic deflecting
plates. Figure 3 illustrates one means of supplying the inputs. The
output appears in the target anode circuit, across the impedance Z,.

NOTE DOTTED LINES ARE NOT STRUCTURAL LINES

Fig. 2.

If Z, is a pure resistance the output voltage appearing across it will
be a flat-topped wave. By using a target anode composed of a larger
number of curved sections the fundamental frequency of the flat-topped
output wave may be made any desired multiple of the input frequency.
Thus it is seen that, if desired, frequency multiplication may be
obtained during the process of converting amplitude modulation into
frequency or phase modulation.

For a more detailed explanation of the way in which amplitude
modulation is translated into phase modulation, we refer now to Figure
4. First with no modulation the phase-shifting network and amplitude
controls are adjusted so that the electron beam describes a circle on
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the target anode. If the master amplitude control is adjusted so that
this circle is of the size designated by ¢, (Figure 2) then the voltage
appearing across Z, will be as shown in Figure 4(a). Note that the
electron stream passes from one segment of the target to the other at
points p; and p';. If now the two deflecting voltages are decreased 50
per cent by changing the master amplitude control, all other controls
being left the same, the locus of the end of the electron stream will
be ¢, and the voltage across Z, will be as shown in Figure 4(b). The
electron stream now passes from one segment of the target to the other

TO INPYT NO ¢ % P

R

PHASE
SHIFTING
NETWORX

r0_neUT NO 2
€,

€, Ano €, 90° OUT OF PHASE

AMPLITUDE
MODULATOR

CARRIER FROM MODULATION SIGNAL

FREQUENCT STASUIZID  (1upyr amPLITVOE
INVERSELY PROPORTIONAEL
FO FREQUENCY FOR
FREQUENCY MODULATION)

Fig. 3.

at points p, and p,’. Likewise, if the master amplitude control is
adjusted to give voltages 50 per cent greater than those which gave
the locus ¢; then ¢, will be the new locus, the electron stream will pass
from one target segment to the other at points p,; and p,;’ and the volt-
age appearing across Z, will be as shown in Figure 4(c). Now if the
master amplitude control is reset so that the electron circle falls on
¢, and a fifty per cent modulation is then applied to the carrier in the
manner indicated by Figure 3 the locus of the end-point of the electron
stream will expand and contract between the limits ¢, and c¢; and the
output wave will shift in phase between the limits indicated by Figure
4(b) and (c¢).
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The amount of maximum phase shift in the device described above
will be determined by the curvature of the target anode boundary—
that is, it will depend upon the value of a in the equation r =a ©. For
the target illustrated in Figure 2 the phase shift is plus and minus
approximately 90° when the input is amplitude modulated 50 per cent.
Amplitude modulation of 75 per cent on the input will give shift of
plus and minus 135°, etc.

It should be noted that this device is fundamentally a generator of
phase modulation—not frequency modulation. However, it is well
known that any phase modulator may be made to produce the equiva-

0

(a)

—
i
o

I ]

s

S R
]

A P A P A
oL L

—— -
>
JEGSE. IRy S S

%

Fig. 4.

lent of frequency modulation by means of a network in the audio input
having a characteristic that is inversely proportional to frequency. It
will be understood that whenever the cathode-ray modulator is referred
to as a generator of frequency modulation, the use of such a network is
implied.

Electromagnetic deflection of the electron stream may be utilized
instead of electrostatic deflection as described above.

Variation of the anode voltages will cause the sensitivity of the
electron stream to vary so that for constant voltages on the deflecting
plates the size of the circle described on the final anode by the electron
stream will vary as the anode voltages vary, thereby producing a form
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of phase modulation. This means that the d-c voltages supplied to the
electron gun must be well-filtered and free from fluctuations.
Auxiliary electrodes may be added to the modulator tube for control
or monitoring purposes. For example a fluorescent screen may be
provided beyond the target anode, so that the electron stream will
produce a pattern upon it when it passes between segments of the
anode or beyond the outer edges of the anode plates. Additional elec-
trodes, located in the same plane as the final anode, but electrically
separate from it, may be used for adjusting the modulator and also
for indicating overmodulation. Such an electrode, of small area, located

Fig. 6.

at the geometrical center of the anode (where the anode plates are
cut way) is useful in centering the electron stream. A narrow annular
ring around the outside of the main target facilitates adjustment of
the phase-shifting network to obtain circular deflection of the electron
stream. Many other auxiliaries are possible.

The description so far has related to the production of modulation
in which the phase shift is directly proportional to the modulating
voltage, but the system is quite flexible in this respect. By use of a
properly shaped target, the phase shift may be made any reasonable
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function of the modulating voltage, this being determined by the curva-
ture of the edges of the target plates and the nature of the path traced
on the target by the electron stream.

The amplitude of the flat-topped output voltage wave may be varied
independently of the frequency (or phase) modulation by varying the
d-c potential applied to the control grid. If it is desired to amplitude
modulate the output wave in addition to or instead of phase modulating
it in the manner described, this may be done readily by applying the
amplitude modulation signal to the control grid, provided the electron

Fig. 8.

gun is so operated that the rate of electron emission from the gun is
a linear function of control grid voltage over the operating range.
The photograph of Figure 5 shows the general appearance of an
early model of this device constructed by the Radiotron Division of the
RCA Manufacturing Co. It consists of a standard type cathode-ray
oscilloscope tube with a spiral target of the type specified above sealed
into the large end in place of the usual fluorescent screen. The target
was constructed by applying a coating of platinum to a sheet of mica
of the kind used for Iconoscope mosaics and scribing the separating
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line in the platinum surface to give the proper shape to the two elec-
trodes. The target is mounted by wire supports which are sealed into
the large end of the tube. Electrical connections to the two electrodes
of the target are brought out through this same seal.

The spiral of this target was designed to give a maximum over-all

phase shift of 360°—that is to say, for this particular target the value
1

of a in the equation r =a © is — inches per radian (the diameter of
™

the target is approximately 4 inches). In order to facilitate adjust-

ment and to judge operating performance 4 concentric circles and 16

radial lines were marked on the surface of the target with willemite.

The entire surface of the target was also covered with a very thin

coating of willemite. This results in the electron beam tracing out a

visible path on the target, which is halpful in testing the tube.

In constructing this tube the Radiotron engineers made provision
for utilizing secondary emission from the target anode to provide
additional output. This was done by providing a separate collector for
secondary electrons in the form of a coating on the inner wall of the
tube.

Figure 6 shows a photograph of a later model. The general design
is the same except that the target anode consists of a conducting
coating deposited directly upon the inner surface of the large end of
the tube and the spiral in this case contains five complete cycles. The
configuration of this target is shown by Figure 8.

Figure 7 shows a schematic of the transmitter set-up employed to
test the frequency modulator tube. That portion of the circuit enclosed
by the upper dotted rectangle represents a conventional r-f trans-
mitter. It was of the crystal-controlled type with buffer amplifiers and
frequency multiplier stages driving a final amplifier delivering a
carrier output of approximately two kilowatts.

The crystal-controlled oscillator in the transmitter was used as the
primary source of stabilized r-f voltage, the amplifier chain in the
transmitter being broken between the buffer amplifier and the first
doubler stages for insertion of the cathode-ray phase modulator and
associated apparatus, as shown.

To obtain the 90° phase relationship between the voltages on the
two sets of deflecting plates of the cathode-ray tube, a phase-splitting
network consisting of a capacitive reactance in series with a pure
resistance was employed, one set of deflecting plates being connected
across the capacitive reactance and the other set across the resistance.
In this set-up the internal capacity between one pair of the deflecting
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plates was utilized as the capacitive reactance. A parallel tuned circuit
was bridged across the other set of deflecting plates to permit tuning
out the reactance of the variable resistor and also that due to the
capacity between these deflecting plates, thus obtaining a purely re-
sistive impedance. The variable resistor in this circuit was used to
adjust the relative amplitudes of the voltages on the two sets of deflect-
ing plates, and the amplitudes of the two deflecting voltages were
adjusted simultaneously by means of the variable resistor E, in series
with the d-c plate supply to the modulated amplifier.

The output circuit connected to the two halves of the target anode
was tuned to the fundamental crystal frequency and coupled induc-
tively to the grid of an amplifier which in turn fed a frequency doubler.
The succeeding stage fed a shielded r-f transmission line, the other end
of which was coupled to the 860 stage in the transmitter which ordi-
narily operated as a doubler, but which was used as a straight
amplifier in this case. From that point on the various stages of the
transmitter were operated in their usual manner.

The transmitter was located in the Empire State Building and
reception tests were made with a frequency modulation receiver located
in the development laboratory in Radio City. These tests showed that
the cathode-ray frequency modulator performed as predicted. When
properly shielded against stray magnetic fields and provided with well-
filtared d-c potentials, it introduced no measurable distortion and was
perfectly stable in its operation.

In conclusion acknowledgment is made of the cooperation of the
RCA Radiotron Laboratories in constructing and supplying the tubes
used in these tests and of the helpful suggestions offered by Radiotron
and NBC engineers.

The author also wishes to acknowledge with deep appreciation the
encouragement and cooperation extended by Professor E. H. Arm-
strong of Columbia University during the early tests on this device.
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CARRIER AND SIDE-FREQUENCY RELATIONS
WITH MULTI-TONE FREQUENCY OR
PHASE MODULATION

By

MURRAY G. CROSBY
R.C.A. Communications. Inc.. Riverhead, N. Y.

Summary—The equation for the carrier and side frequencies of a fre-
quency or phase-modulated wave is resolved for the case of two applied
modulating tones. It is shown that when more than one modulating tone is
applied, the amplitude of the carrier is proportional to the product of the
zero-order Bessel Functions of all of the modulation indexes involved. The
amplitudes of the side frequencies are proportional to the products of Bessel
Functions equal in number to the number of tones applied and having orders
respectively equal to the orders of the frequencies involved in the side
frequency. Beat side frequencies are produced which have higher-order
amplitude and do not appreciably widen the band width occupied by fre-
quency modulation.

in frequency and phase modulation have considered either the

case of a single tone as applied modulation,! 2% or the case of
telegraph transmission® where the Fourier resolution shows a tone and
its harmonics to be present. It is the purpose of this paper to develop
the equations for the carrier and side frequencies so that their char-
acteristics will be known when more than one modulating tone is
applied.

In amplitude modulation the addition of a second modulating tone
merely produces an additional pair of side frequencies which are dis-
placed from the carrier frequency by the frequency of the tone. These
side frequencies have amplitudes which are linearly proportional to
the carrier amplitude and the depth of modulation at which the tone
is applied (assuming a linear modulator). However, in frequency and
phase modulation this linear relation between the depth of modulation
and the amplitudes of the side frequencies does not exist and a sep-
arate development is required for the multi-tone case.

pREVIOUS analyses of the carrier and side-frequency relations

1 John R. Carson, “Notes on the Theory of Modulation,” Proc. 1.R.E..
Vol. 10, pp. 57-64, Feb. 1922.

¢ Balth. Van der Pol, “Frequency Modulation,” Proc. I.R.E., Vol. 18, pp.
1194-1205, July 1930.

3 Hans Roder, “Amplitude, Phase, and Frequency Modulation,” Proc.
I.R.E., Vol. 19, pp. 2145-2176, Dec. 1931.

Reprinted from RCA Review, July, 1938.
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In the case of frequency modulation the instantaneous frequency
for the two-tone case is given by:

f=F,+ Fy,8in pt + Fg4, 8in qt (1)

where F, = the carrier frequency, F'y, = frequency deviation applied by
the tone having angular velocity p and F,, ={requency deviation
applied by the tone having angular velocity g.

Since the insfantaneous frequency is the rate of change of phase,
(1) must be integrated to find the phase angle.

t
ot =2 f(F, + Fgp sin pt + Fyg 8in gt) dt
0

Fap Fyq
cos pt —

mp mq

sin gt (2)

=wt —

where F,, and F,,=the modulation frequencies of the tones and
w, = 27 F,.

If, for simplification Fy,/F,, =P and F,;,/F,, = Q, the frequency
modulated wave is:

e = E sin (vt — P cos pt — Q cos gt) (3)

Equation (3) could also represent a phase-modulated wave in which
P=¢, and Q = ¢,, where ¢, and ¢, are the phase deviations applied
by the tones.

By applying the addition formula for the sine to Equation (3),
the following is obtained.

e = E sin w,t [cos (P cos pt) cos (Q cos gt) — sin (P cos pt)
sin (Q cos qt)] — cos wt [8in (P cos pt) cos (Q cos gt)
+ cos (P cos pt) sin (Q cos gt)] (4)

Substituting the following Bessel Function expansions in Equa-
tion (4),
cos (z cos ¢) =Jo(x) —2J,(x) cos 2¢ + 2J,(x) cosdp — ....... (5)

sin (z cos ¢) = 2J, (z) cos ¢ — 2J3(x) cos 3¢ + 2J5(x) cos 5 — ... .(6)

obtaining the products of the series, applying the addition formulas
for the sine and cosine, and rearranging gives:

e=E [Jo(P) Jo(Q) sin wt —J, (P) Jo(Q) cos (v D) t
— J3(P) Jo(Q) sin (v =2p) ¢
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+ J3(P) Jo(Q) cos (w=3p) t
+ J4(P) Jo(Q) sin (o = 4p) ¢

........................

—Jo(P) J1(Q) cos (wxq) ¢t

—Jo(P) Jo(Q) 8in (0 =2q) ¢
+ Jo(P) J5(Q) cos (v =3q) ¢
+ Jo(P) J,(Q) sin (o =4q) ¢t

........................

—J,(P) J1(Q) [sin (v +p =¢q) t+sin (e—p=xgq)t]
+J1(P) J2(Q) [sin (v +p *=2q) t +sin (0 —p = 2¢) t]
+ J1(P) J3(Q) [sin (v +p =3¢) t +8in (o —p = 3¢) t]
+ J2(P) J1(Q) [sin (v +2p = ¢) t +sin (0—2p *q) ¢]
+ J2(P) J2(Q) [sin (o + 2p = 2q) t + sin (0 — 2p + 2q) t]
—Jo(P) J3(Q) [8in (o + 2p = 3¢q) t+sin (0 —2p % 3q) t]
+J3(P) J1(Q) [8in (w+ 3p £ ¢) ¢t +sin (o —3p =+ q) t]
— J3(P) Jo(Q) [8in (o + 8p %= 2¢q) ¢t + sin (o — 3p = 2¢) t]
—J3(P) J3(Q) [8in (v + 3p = 3¢) t + sin (v — 3p = 3q) t]
) [8in (o + 3p = 4q) t + sin (v — 3p = 3q) t]

+ J3(P) J,(Q
+

..................................

—J4(P) J1(Q) [8in (w + 4p = q) ) =
—J4(P) J2(Q) [sin (w4 4p = 2¢) t + 8in (o — 4p * 2¢q) t]
+ J,(P) J3(Q) [sin (v + 4p =3q) t + sin (o — 4p = 3q) t]

..................................

— J5(P) J1(Q) [sin (o +5p*¢) t +s8in (o —5p = q) t]
iJs(P) J2(Q) [sin (w+5 *+2¢q) t +8in (o — 5p = 2¢q) t] o

From (7) it can be seen that the amplitude of the carrier is pro-
portional to the product of the zero-order Bessel Functions of the two
quantities P and @ which would be the modulation index (F4p/F pp or
F4¢/Fp,) for frequency modulation, or the deviation in radians (¢
or ¢,) for phase modulation. The side frequencies present are not only
those which would be present with one tone on at a time, but include
beat side frequencies which are produced in a manner similar to the
way in which beat frequencies are produced in a detector. The ampli-
tudes of these beat side frequencies are equal to the products of Bessel
Functions having orders equal to orders of the tone frequencies
involved in the side frequency.

A similar resolution for the three-tone case shows that the carrier
is proportional to the product J,(P) Jo(Q) Jo(R) where R is the
modulation index of the third modulating tone. The beat side frequen-
cies are produced in the same manner with more possible combinations,
but with their amplitudes proportional to three Bessel Functions the
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orders of which depend upon the orders of the tone frequencies involved
in the side frequency. Thus it may be assumed that as the number of
tones increases, the number of Bessel Functions in the amplitude coeffi-
cients increase in the same accordance while the number of side fre-
quencies increases at a very high rate due to the great number of beat
combinations which are possible.

Since side frequencies are produced which are displaced from the
carrier by the sum of all the tone frequencies involved, it might be
assumed that the band width occupied by frequency modulation is rather
alarming. However, investigation of the amplitudes of these beat side
frequencies shows that their amplitudes are rather small as far as
out-of-band interference is concerned and that the major portion of
the side bands remain in a channel approximately equal to twice the
frequency deviation or the maximum modulation frequency whichever
is the greatest. The reason for this is that when two tones are applied
the frequency deviation is divided between the two tones so that the
modulation indexes are made lower than the index which would exist
with a single tone. The Bessel Functions of these indexes are also low
so that the resultant amplitude coefficient is made quite small since it
is the product of two rather low quantities. I'or instance, take the
case of a frequency modulation system with a deviation ratio! of
unity and a maximum modulation frequency of ten kilocycles. If an
eight-kilocycle tone were applied at full deviation (ten kilocycles) the
first-order side frequency would have an amplitude of 0.51 and the
second order 0.17. Now if the deviation were equally divided between
an eight-kilocycle tone and a nine-kilocycle tone, their first-order side
frequencies would have amplitudes of 0.298 and 0.268, respectively,
the second-order side frequencies 0.048 and 0.038, respectively, while
the beat side frequency corresponding to the sum of the two-tone fre-
quencies would have an amplitude of 0.08. Thus, dividing the deviation
between the two tones reduces the second-order side-band out-of-
channel interference and produces a beat side frequency having an
amplitude which is less than that of the single-tone second-order side
frequency. Hence, it can be seen that the greater the number of
frequencies present in the modulating wave, the more will the wave be
confined to its channel. This is especially true for the case of program
or voice modulation where the lower modulating frequencies have the
highest amplitudes. It is also especially true for the case of the
frequency-modulation systems with the higher deviation ratios.

T 4 The deviation ratio referred to here is the ratio between the maximum
frequency deviation the system is capable of and the maximum modulation
frequency for which the system is designed. This factor might be called the
“system’” deviation ratio. For further information regarding the deviation

ratio see the following reference: Murray G. Crosby, “Frequency Modula-
tion Noise Characteristics,” Proc. I.R.E., Vol. 25, pp. 472-514, April, 1937.
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A STUDY OF ULTRA-HIGH-FREQUENCY WIDE-BAND
PROPAGATION CHARACTERISTICS*

By
R. W. GEORGE

R.C.A. Communications, Inc., Riverhead, N. Y.

Summary—Signals reflected from buildings and other large objects intro-
duce distortion in the received signal because of their relative time delay and
phasge relations. This distortion is especially evident in the form of blurred
and multiple images in television reception. Data on the relative merits in
this respeet, of vertieally and horizontally polarized waves transmitted from
the Empire State Building in New York City, were obtained at the two
frequency ranges of 81 to 86 megacycles and 140 to 145 megacycles. Some
data using circular polarization at the lower frequency range were also
obtained.

The effects of indirect-path signals were indicated on recorded eurves
showing field strength versus frequency. The methods and equipment used
to record these data at a number of representative receiving locations are
briefly described.

A minimum of indirect-path signal interference was found to be gen-
erally had with horizontal polarization at both signal-frequency ranges. In
this respect, circular polarization was found to be slightly preferable to
vertical polarization. Horizontal polarization also gave somewhat greater
average field strength.

Miseellaneous data and observations are described, including sample
propagation-characteristic curves. In conclusion, some relations between
direct- and indirect-path signals and propagation path are discussed.

NE problem in television is to obtain received pictures free
@ from secondary images caused by time-delayed signal com-

ponents propagated from the transmitter along paths of differ-
ent lengths. It is an object of this paper to show something of the
nature of this problem, especially in and around such urban areas as
New York City.

As an introduction to this subject,! P. S, Carter and G. S. Wickizer
found that the use of some antenna directivity and horizontal polariza-
tion would be most effective for a 177-megacycle television circuit
between the RCA Building and the Empire State Building. In the
present paper the methods used and results of a similar but more
extensive survey made to determine the relative differences in indirect-

* Decimal classification: R113.7. Presented before I.R.E. Thirteenth
Annual Convention, New York, N. Y., June 18, 1938.

1 P. 8. Carter and G. S. Wickizer, “Ultra-High-Frequency Transmission
Between the RCA Building and the Empire State Building in New York
City,” Proc. I.R.E., vol. 24, pp. 1082-1094; August, (1936).

Reprinted from Proc. I.R.E., January, 1939.
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path propagation between horizontally and vertically polarized waves
are described.

The field strength for a given frequency is the vector sum of all
the signal components present. At another frequency, the signal
components may be of the same intensity but will have different phase
relations which result in a different value of field strength. A series
of field-strength measurements plotted with corresponding frequencies
will show a sinusoidal variation of field strength with frequency in a
simple case of the combination of two signal components propagated
over paths of different lengths.

It can be shown that if f, and f, are frequencies between which one
signal component has gone through 360 degrees phase shift with
respect to the other, or in other words, between which frequencies a
complete cycle of field-strength variation is had, the difference in path
lengths d and the accompanying time delay t of the longer-path signal
are
difference in path length,

3 X 108
d= meters (1)
fa—fy
time delay,
1
= seconds. 2)
fo—fy

Equations (1) and (2) may be derived as follows:

N is the number of wavelengths of path length d at the fre-
quency f,.

(N + 1) is the number of wavelengths of path length d at the
frequency fa.

A, is the wavelength corresponding to f;.

A, is the wavelength corresponding to f.
d=NA = (N +1) A, 3)

Eliminating N from (1)

d
d=|—+1 JA,
M
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Az Ay
/\1 - A2

o2
2 1

c c

fi fa

where ¢, the velocity of light, =3 X 10® meters per second

c ¢
Ay==~——and Ap=—
1 2
c 3 X 108
d= = meters (1)
fo—fi  fo—h
d 1
t = — = -— seconds. (2)
¢ fa—h ’

Thus, measurements over a frequency range of 5 megacycles
(fo—f,), are ample to indicate signal-arrival-time delays of 0.2 micro-
second and upwards. Other indirect-propagation-path characteristics
are indicated by such measurements and will be discussed later.

MEASURING EQUIPMENT AND METHODS

A frequency range of 81 to 86 megacycles was chosen to avoid
interference with existing local radio circuits. Tests were also con-
ducted at the higher-frequency range of 140 to 145 megacycles. The
transmitting systems were built and operated by members of the
engineering department of R.C.A. Communications, Inc., at Rocky
Point, Long Island, New York.

Each transmitting system supplied substantially constant radiated
power as a mechanical system varied the frequency at a constant rate
of change from one extreme to the other in one-half minute and like-
wise back again in one-half minute. Frequency control was maintained
by the use of resonant concentric circuits.? Variation was obtained
in the 81- to 86-megacycle transmitter by changing the length of the
frequenecy control element with a motor-driven cam. In the 140- to

2C. W. Hansell and P. S. Carter, “Frequency Control by Low Power
Factor Line Circuits,” Proc. I.R.E., vol. 24, pp. 597-619; April, (1936). (See
Page 53.)
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145-megacycle transmitter, frequency variation was produced by means
of a small motor-driven variable condenser. The radiated power was
about 750 watts at the lower frequency and 68 watts at the higher
frequency.

Both transmitters were installed about 1200 feet above the ground
near the top of the cylindrical steel tower on the Empire State Build-
ing. Short transmission lines were connected to the respective special
doublet antennas. These antennas were each mounted about one-fourth
wave from the tower on a copper pipe containing the two-wire trans-

UH.F
R
750 ] -
OUT PUT<JGENERATOR
DOUBLET ANTENNA
AUDIO
FILTER
750 OR AND
ioon CTIFIER
-TRANS~ AUDIQ | *
MISSION '16@‘
LINE -
__[RELAY
Ry

FIRET FI'_'P'ER
ﬂgtl?réé RECORDER

D-C AMPLIFIER

Fig. 1—Block diagram of the field-strength-measuring system.

mission line and were arranged to be turned manually to transmit
either vertically or horizontally polarized waves. Both frequencies
were in turn radiated from approximately the north and south sides
of the tower.

The 81- to 86-megacycle antenna on the south side was made of
two doublets crossed at their centers, each with a separate transmis-
sion line to the transmitter. By this arrangement, in addition to
horizontal or vertical polarization, it was possible to obtain circular
polarization by establishing a 90-degree phase difference in the trans-
mission lines before connecting them in parallel at the transmitter.
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The object of the field-strength-measuring system was to make a
series of recorded measurements as the transmitter frequency varied
from one extreme to the other. The block diagram, Fig. 1, indicates
the functions which made this system somewhat unusual. A half-wave
doublet antenna fed a low-impedance transmission line which was
properly terminated at the receiver. The receiver, of conventional
design, was suitably modified to meet the present requirements. The
ultra-high-frequency detector input and heterodyne-oscillator circuits
were ganged together by gears and adjusted to track over the desired

e

FLAN

T
e, AFY

Fig. 2—Field-strength-measuring equipment on the
roof of the RCA Building.

signal-frequency range, 81 to 86 megacycles or 140 to 145 megacycles.

In operation, the signal frequency, changing at the rate of 166
kilocycles per second, was in the pass-band of the receiver about 0.3
second before reaching the mid-band of the intermediate-frequency
amplifier, and produced, by means of the diode detector, an output
voltage corresponding to the value of the input signal voltage. In
order to record the signal level, at this instant, use was made of the
audio-frequency beat note produced by ecombination of the intermediate
frequency and a fixed heterodyne oscillator in a separate detector.
This audio-frequency beat-note output, converted to direct current,
caused the relay R; to connect the diode voltage to the grid of the first
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direct-current amplifier stage A, thus charging the condenser C to
the value of the diode voltage, and operating the recorder through
the subsequent direct-current power amplifier. After about 0.1 second,
the audio-frequency output was removed as the signal frequency
increased and passed out of the audio-frequency filter, causing the
relay R, to disconnect the diode from the condenser C. The condenser
C maintained the voltage on the grid of the direct-current amplifier A,
holding the recorder at its last reading until the next measurement
was made. During subsequent measurements, the condenser C was
charged or discharged according to the new signal level.

A series of measurements was started by tuning the receiver to
the lowest frequency reached by the signal. When the signal swept
into the receiver, a measurement was made, causing the recorder to
show abruptly the starting signal level for the forthcoming curve.
When the measurement was completed, the relay R; returning to
normal operated an electro-magnetic device which quickly set the
receiver tuning up to a frequency just higher than the increasing
signal frequency. As each measurement was completed, this operation
was repeated until at the end of one-half minute, the highest frequency
was reached. The result was that about 70 evenly-spaced measure-
ments were recorded showing a substantially complete field-strength-
versus-frequency curve. The recorder chart was driven at a constant
rate, thus spreading the 5-megacycle range uniformly on the chart.

The method of calibrating the record was to substitute a standard-
signal generator having a 75-ohm output, for the doublet antenna.
This established the voltage in the antenna, and from the known
effective height of the doublet, the field strength was determined. The
necessarily frequent calibrations were obtained by connecting the
signal generator directly to the receiver and taking into account the
transmission-line loss. The standard-signal generator was also used
to check the response of the measuring system. The over-all response
was constant with fixed voltage input over the desired frequency
range and the output was directly proportional to the input. The
response of the doublet antennas over the 5-megacycle range was
known to be substantially constant.

A final check of the flatness of response of the entire measuring
system was obtained by recording field strength versus frequency at
a receiving location where one would expect, from consideration of
the terrain, that a constant field strength should be obtained. This
location, about 13 miles from the transmitter, was well away from
possible reflecting objects in a clear flat field with several miles of
unobstructed ground in the direction of New York. One major in-
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direct-path signal existed at this location due to reflection from the
ground but its path was so little different in length from the direct-
signal path that negligible changes in resultant field strength were
had over the 5-megacycle range.

Duplicate measurements were often made, all of which showed
good agreement when propagation conditions and the antenna position
were unchanged.

The signal generator, receiver, direct-current amplifiers, and
voltage-regulating power-supply units were mounted in two portable
racks and installed in a 34-ton panel truck in which measurements
were made wherever possible. Otherwise, the equipment was removed
to the desired receiving locations. Power was usually obtained from
near-by 110-volt alternating-current outlets.

Receiving antenna locations were generally chosen which might
be considered suitable for a television antenna. In some cases, such
as on the roof of the RCA Building, Figure 2, measurements were
made at several antenna positions.

In order to make comparisons, the antenna was always placed in
the same position at each location. All locations were within 22 miles
from the transmitter except one which was 42 miles away.

Circular polarization was received with an antenna arrangement
similar to that used at the transmitter.

SUMMARY OF DATA: HORIZONTAL AND VERTICAL POLARIZATION

As expected, at a number of random receiving locations, the meas-
urements showed a large variety of direct- and indirect-path-signal
combinations. The relative strength of the indirect signals is an indi-
cation of the intensity of expected interference or secondary television
images. Thus, to show the relative merits of horizontal and vertical
polarization with respect to minimum indirect-signal interference,
comparisons of the ratio of maximum field strength to minimum field
strength, obtained from representative data for each location and
polarization are shown in Figure 3. From this figure it is seen that
most of the points are above the value of 1.0, indicating that at most
of the locations, indirect-path-propagation efficiency was better for
vertical polarization than for horizontal polarization.

The geometric means of all of the maximum to minimum field-
strength ratios for each polarization and frequency range are shown
in Table I. These data indicate that the indirect interfering signals
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TABLE 1

GEOMETRIC MEANS OF THE RaTios, MaxiMmum FIELD STRENGTH
TOo MINIMUM FIELD STRENGTH

81 to 86 j 140 to 145
megacycles megacycles
| m——
Horizontal pol_arization 1.86 2.12
Vertical polarization 2.97 3.38
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Fig. 3—Comparisons between vertical and horizontal

polarization of maximum to minimum field-strength

ratios obtained at each receiving location and signal-
frequency range.
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Fig. 4—Comparisons between vertical and horizontal
polarization of average field strengths obtained at
each receiving location and signal-frequency range.

were from 10 to 20 per cent stronger at the higher frequency and
were strongest with vertical polarization at both frequencies.
Average field strengths were determined for each location from
the recorded data. In Figure 4 are shown the ratios of average field
strength for vertically polarized waves to average field strength for
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horizontally polarized waves. The geometric mean of all these ratios
for the 81- to 86-megacycle range is 0.83, and for the 140- to 145-
megacycle range 0.82. This summary indicates that in general horizon-
tally polarized waves were received about 20 per cent stronger than
were vertically polarized waves.

The geometric mean of all the average field strengths using hori-
zontal polarization was for the 81- to 86-megacycle range, 88.5 per
cent of that obtained at the 140- to 145-megacycle range. This com-
parison is based on the same transmitted power at both frequency
ranges.

CIRCULAR POLARIZATION

It was predicted that under certain propagation conditions involv-
ing a direct path and an indirect path, the rotation of a circularly
polarized wave would be reversed upon reflection. Thus, the receiving
antenna adjusted to receive the direct circularly polarized wave, would
not respond to the indirect-path wave. For the circularly polarized
wave to be reversed upon reflection, it would be necessary for the wave
component polarized perpendicular to the plane of incidence to undergo
a 180-degree phase shift with respect to the wave component polarized
in the plane of incidence. In general, this phase relation may be estab-
lished under the following conditions.3

For a wave polarized perpendicular to the plane of incidence, the
reflected wave is always substantially 180 degrees out of phase with
the incident wave. For a wave polarized in the plane of incidence,
the phase of the wave reflected from a medium having negligible
conductivity, is the same as that of the incident wave when the angle
of incidence is less than the critical angle. This critical angle is
known as Brewster’s angle or the angle of polarization in connection
with light, and is a function of the dielectric constant of the reflecting
medium. If the stone walls of buildings may be regarded as having
negligible conductivity at high frequencies, the desired phase relations
may thus be established between vertically and horizontally polarized
signal components. When the angle of incidence is greater than the
critical angle, the phase of the reflected wave is 180 degrees different
from that of the incident wave and thus is the same as the phase of
a reflected wave polarized perpendicular to the plane of incidence.

In order for a receiving antenna to respond only to the direct-path
signal, it would be necessary for the received indirect-path vertically
and horizontally polarized wave components to be equal as well as
180 degrees out of phase. Practically, this condition could not occur

3 Bertram Trevor and P. S. Carter, “Notes on Propagation of Waves
Below Ten Meters in Length,” Proc. I.R.E., vol. 21, pp. 387-426; March,
(1933).
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in New York City because of the presence of several indirect paths,
each involving different coefficients of reflection for vertically and
horizontally polarized waves, and the angles of incidence usually being
too large to give the necessary 180-degree phase difference between
vertically and horizontally polarized waves after reflection.
Measurements using circular polarization were made at three types
of locations using the 81- to 86-megacycle transmitter. These locations
were: south of Newark Airport in the previously mentioned clear
area, on the roof of 75 Varick Street Building, and from a north side
window on the 26th floor of the Woolworth Building. In order to
obtain relatively accurate information, measurements of both hori-
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Fig. 5—Propagation-characteristic curves obtained
on the roof of a 10-story building about three quarters
of a mile south of the transmitter. For curve B the
antenna had a relatively clear exposure to the trans-
mitter, and for curve A its exposure was partially
obstructed by a near-by ventilator.

zontal and vertical polarization were made consecutively for direct
comparison.

The summary of these measurements in Table II shows circular
polarization to be in general less desirable than horizontal and pos-
sibly somewhat more desirable than vertical polarization.

MISCELLANEOUS DATA AND OBSERVATIONS

Some data were obtained on the average field strengths of the
horizontally polarized component received for vertically polarized wave
transmission and conversely. These indicated that horizontally polar-
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ized wave transmission had an average vertical component of from
25 to 30 per cent of its horizontal field strength, and that for vertically
polarized transmission, the horizontal component was somewhat less,
on the order of 20 per cent of the corresponding vertical-field strength.

A change in receiving-antenna position by a small distance of one
or two feet usually altered the shape of the recorded propagation-
characteristic curve. Very large differences in field strength as well
as shape of the curve were had at locations having near-by obstructions
or reflecting objects.

The importance of obtaining the strongest possible direct signal
was well illustrated under the following conditions. Two antenna posi-
tions, about 30 feet apart, were had on the roof of a ten-story building
about three-quarters of a mile from the transmitter. Both positions
had exposure to the direct-path signal but one was almost obstructed
by a large metal ventilator. The reflected signal from this ventilator

TABLE 11

CIRCULAR POLARIZATION DATA COMPARISONS
81 to 86 megacycles

Location
Comparison
Airport Woolworth Varick St.

Ver.t. Max/Ml.n l‘atlf) 116 1.24 1.37
Horiz. Max/Min ratio
Cire. Max/Ml.n ratlf) 1.02 0.94 L11
Horiz. Max/Min ratio

Ave. Vert. mv/m 0.8 0.97 1.48

Avg. Horiz. mv/m

Avg. Cire. mv/m_ 1.0 0.91 1.16

Avg. Horiz. mv/m

combined with the direct signal at the antenna to produce a weakened
resultant signal. Other indirect signals not so much affected by the
ventilator, if at all, were relatively strong with the result that they
greatly modified the received signal. This was in contrast with the
results obtained at the better exposed antenna where the direct-path
signal was stronger. Propagation-characteristic curves obtained at
each antenna position are shown in Figure 5.

The additional sample propagation-characteristic curves shown in
Figures 6, 7, 9, 10, and 11 will give an idea of the nature and range
of the field-strength variations encountered. The calibrations shown
are corrected for one kilowatt radiated. Usually there may be only
one or two indirect paths of major importance and, if desired, their
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corresponding time delay ¢ and difference in path length d can be
roughly determined. Apparently, a complete analysis of the indirect
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Fig. 6—Propagation-characteristic curves obtained
on the roof of a 10-story apartment building about
three miles north of the transmitter.
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Fig. 7—Propagation-characteristic curves obtained

at a residence on Staten Island about 12 miles from

the transmitter. The two curves are for antenna
positions about seven feet apanrt.
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paths would be difficult and have little value because the problems
presented at each proposed receiving location must, in practice, be
solved individually.

The data in Figure 6 were obtained with an antenna on the roof
of a 10-story apartment building about three miles north of the
Empire State Building. A television receiver having a 12-inch Kine-
scope was available here on which a fairly strong secondary image
was observed. It was displaced about one fourth of an inch correspond-
ing to a time delay of about 1.5 microseconds. The time delay of one
prominent indirect-path signal indicated on the data, is found by the

Fig. 8 —Receiving antenna on a portable mast, with which
data in Fig. 9 were obtained.

use of (2), to be on the order of 1.5 to 1.8 microseconds which is in
substantial agreement with the displacement of the observed image.
The difference in path lengths would be, by (1), 450 meters for a time
delay of 1.5 microseconds.

The curves in Figure 7 were obtained on Staten Island about 12.5
miles from the transmitter. The antenna was mounted on the 22-foot
portable mast in the back yard of a residence. These curves were
taken within a period of two and a half minutes but with a difference
of about seven feet in antenna positions.

In Figure 8 is shown one setup of the portable mast, 17 feet high,
at a location 14 miles from the transmitter. The crossarm at the top
of the mast supported the transmission line and the antenna. The
crossarm could be rotated through 90 degrees by means of ropes, thus
controlling the polarization of the antenna. The position of the antenna
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could be changed on a circle of 5-foot radius by simply rotating the
mast. Representative data obtained at this location are shown in
Figure 9.

The unusually strong indirect-path signals indicated in Figure 10,
were recorded with the antenna on a parapet, 12 stories above and
adjacent to Fifth Avenue. The tower of the Empire State Building
was just visible between the intervening buildings and was about one
mile south. The two curves show considerable differences between the
indirect paths involved with horizontally and vertically polarized
waves. The uniformity of the field-strength variation curve for hori-
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Fig. 9—Propagation-characteristic curves obtained at
a residence about 14 miles north of the transmitter.

zontal polarization indicates that only one major interfering indirect
wave was received, and this might be eliminated by the use of a simple
directive-antenna system. The more complex combination of indirect
waves obtained for vertical polarization would apparently not be so
easily controlled.

The data in Figure 11 were recorded in the clear area south of
Newark Airport with the object of testing the flatness of response of
the entire measuring system.

CONCLUSIONS

One conclusion substantiated by the data in this paper is that
vertically polarized waves are propagated more efficiently along indi-
rect paths than are horizontally polarized waves. The relatively large
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differences observed between direct- and indirect-path lengths show
that the reflecting objects involved must generally have been the ver-
tical walls of buildings rather than their roofs or ground. Considera-
tion of the general properties of such imperfect reflectors having small
values of conductivity, will also lead to the above conclusion. It is
known? that for all but very large or small angles of incidence, waves
polarized perpendicular to the plane of incidence (referred to as hori-
zontal polarization with respect to the earth’s surface) are reflected
more efficiently than are waves polarized in the plane of incidence.
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Fig. 10—Propagation-characteristic curves obtained
about one mile north of the transmitter on Fifth Ave.

Thus, vertically polarized waves are polarized perpendicular to the
plane of incidence with reference to the vertical walls of buildings
and consequently reflected therefrom most efficiently.

In some cases, indirect signals will arrive from a reflecting point
at one side or behind the receiving antenna and can be reduced or
eliminated by the use of relatively simple directive antenna systems.

If the indirect-path carrier is combined in phase with the direct-
path carrier, the result will be an increase in carrier strength with
no change in the values of the side bands of the respective carriers.
Thus, the depth of modulation is reduced for both the direct- and
indirect-path side bands. The time delay of the indirect-path side
bands ordinarily will not be long enough to affect the synchronizing
impulses but will produce a displaced image. This image will be of
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the same polarity as that produced by the direct-path side bands. Both
images would be complete except for the complex interference between
each set of side bands.

If the indirect-path carrier is combined out of phase with the
direct-path carrier, the result will be a reduced carrier with no change
in the values of the side bands of the respective carriers. A secondary
image produced by the indirect-path side bands in this case will be
reversed in polarity with respect to the image produced by the direct-
path side bands. It is highly probable that the resulting weakened
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Fig. 11—Substantially constant field-strength-versus-
frequency data obtained south of Newark Airport.

carrier would be overmodulated at times by either or both sets of
side bands.

It is not within the purpose of this paper to discuss further the
complex interference conditions resulting from the combination of
direct- and indirect-path, wide-band modulated waves. In closing it
may be mentioned that some phase modulation is one product resulting
from direct- and indirect-path modulated waves combined with the
respective carriers having intermediate phase relations.

No conclusive data are available to show the stability of indirect-
propagation-path characteristics under varying weather conditions.
However, it is apparent that heavy rain may cause appreciable changes
in the constants of certain reflectors.

The study of indirect-propagation-path characteristics at ultra-
high frequencies is obviously a large and fruitful field for investiga-
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tion. Propagation by reflection from the ionosphere may present some
occasional problems in television broadcasting at the lower frequencies
but this phenomenon was outside the scope of the investigations here
reported. Future investigations with widely different types of trans-
mitter locations or propagation areas may give somewhat different
results; however, it is not expected that vertical polarization will gen-
erally be found preferable to horizontal polarization.
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ULTRA-HIGH-FREQUENCY PROPAGATION
By

M. KATZIN
R.C.A. Communications, Inc.. Riverhead. N. Y.

Summary—This paper presents a short summary of the subject of
ultra-high-frequency propagation, with theoreticul and experimental results
presented gide by side, to show the general agreement between them. The
quasi-optical behavior of w-h-f waves is exhibited in the phenomena of
reflection, diffraction, and refraction. The reflecting properties of the
ground, and their application in explaining propagation over plane earth,
are shown. The presence of multipath reflections in wrban areas and their
cffect on wide-band transmission is discussed. Diffraction and refraction are
discussed, the variable nature of refraction giving rise to fading experi-
enced beyond the horizon. Coverage data of the Empire State television
transmitter are used to illustrate the practical application of many of the
points discussed in the paper.

INTRODUCTION

ITH the development of improved means for generating and
E.E ; %; controlling power at ultra-high frequencies, have come many
applications and proposals for putting these frequencies to
work, particularly in the field of communication. To mention but a
few, television, local broadcasting, police and other mobile communica-
tion, and applications in aviation radio indicate the growing impor-
tance of communication by means of ultra-high-frequency waves, and,
therefore, the importance of knowing the characteristics of their
propagation. Many investigations, both theoretical and experimental,
have been made in an endeavor to determine these characteristics, with
the result that most of the more important features of the problem
appear to be known. Now that television has finally rounded the
corner in this country, it seems appropriate to present a short sum-
mary of the subject of ultra-high-frequency propagation.

During the past decade, this subject has been actively prosecuted
on many fronts through numerous experimental and theoretical re-
searches. This activity has built up a considerable body of knowledge
and an extensive literature. Obviously, in any survey of the subject
such as presented in this paper it will be possible to aim only at the
high spots, reference being made to the bibliography for many of the
interesting and important details.

Ultra-high-frequency propagation is governed by the same general
laws that apply to ground-wave transmission on lower frequencies, the
chief distinction being in order of magnitude. This difference in order
of magnitude, however, is a very important one, for many of the

Reprinted from Proc. Radio Club of America, September, 1939.
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phenomena, which at much lower frequencies are usually of negligible
effect, become of controlling importance at the ultra-high frequencies.
Thus, buildings, trees, and even irregularities of the terrain produce
distortions of the field in their neighborhood. At the ultra-high fre-
quencies the dimensions of such objects and irregularities may become
comparable with or greater than the wavelength so that they produce
well-defined reflections. A further point is that with wavelengths of
the order of feet, very small path differences between separate com-
ponents or rays are sufficient to result in appreciable phase differences.
At lower frequencies, say in the broadcast frequency range, the wave-
length is relatively so large that such effects are usually largely
negligible. We see from these few examples that the shortness of the
wave can be responsible for many phenomena which are not encoun-
tered at lower frequencies.

The early propagation experiments, most of them of a qualitative
nature, soon established the quasi-optical behavior of these waves.
Hence it is possible to borrow some of the concepts from optical theory
and apply them to ultra-high-frequency propagation. The analogues
of optical reflection, refraction, and diffraction are encountered in
propagation at the ultra-high frequencies, so that by referring to the
results of optics, many of the phenomena encountered in u-h-f work
can be explained.

In this paper, we shall start from the free-space field radiated by
an antenna, and proceed to show that the effect of locating the antenna
above ground is similar in many respects to the optical concept of
reflection. This leads to an examination of the reflecting properties
of the ground, and the application of these properties in explaining
propagation over plane earth will be shown. The presence of multiple
reflections in urban areas will be pointed out and its effect on wide-
band transmission discussed. From the case of plane earth there fol-
lows a consideration of the effect of the earth’s curvature. This leads
to a discussion of the phenomena of diffraction and refraction, the
variable nature of the latter giving rise to fading experienced beyond
the horizon. Finally, a discussion of coverage data of the Empire
State television transmitter will be used to illustrate the practical
application of many of the points discussed previously. Throughout,
the plan will be to present theory and experiment side by side, to show
the general agreement between them.

PROPAGATION OVER PLANE EARTH— (LEVEL TERRAIN)

The radiation field in the equatorial plane of a linear antenna in
free space is given by the familiar equation

www americanradiohistorv com


www.americanradiohistory.com

Katzin: U-H-F Propagation 109

60wHI
= ' 1)
Ad

where H—effective height of antenna,

_ [W—radiated power,
I—antenna current = \VW/R,{ R—antenna radiation
resistance,

A = wavelength,
d = distance from antenna.

For a half-wave doublet, H = A/=, R = 73.3 ohms, so that (1) becomes

NW
§o= PR (2)

If such an antenna is placed in the vicinity of the ground, or some
other plane reflecting service, then, in first approximation, the effect
of the ground on the field at any receiving point in space is equivalent
to a ray regularly reflected from the ground, and the resulting field
at the receiver may be considered as due to the combination of the
direct and reflected rays. The total distance traversed by the reflected
ray is greater than that by the direct ray, so that a phase difference
between them results. In addition, a phase shift, as well as a reduction
in amplitude, takes place when a ray is reflected at the ground. This
can be expressed by means of a complex reflection coefficient,

Reflection Coefficient = Kefx,

K being the reduction in amplitude, and « the phase shift on reflec-
tion. The total phase difference between the direct and reflected rays
is thus the sum of the phase difference due to the difference in path
length and the phase shift on reflection.

Denoting the path difference between the reflected and direct rays
by A, and the corresponding phase lag by § = 2 A/AX, the total phase
lag is ® = 8§ — «, and the total field at the receiver is given by

§=§. VI = K)* + 4Kcos* (9/2). 3)

Since the reflection coefficient of the ground enters into the expression
for the total field, it is of interest to examine its properties.

The magnitude, K, of the reflection coefficient depends on the dielec-
tric constant and conductivity of the reflecting medium, and the angle
of incidence of the rays, and, in addition, different relations hold for
horizontal and vertical polarization. The simplest case to consider is
that of a pure dielectric, for which the phase shift on reflection is
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either 0 or 180°, so that the reflection coefficient is real. For horizontal

polarization, the wave is always reversed on reflection from a pure
dielectric (i.e., « = 180°) while the magnitude of the reflected wave
decreases from a value of K =1 at grazing incidence to a value at
perpendicular incidence which depends on the dielectric constant. For
small angles of the ray to the reflecting surface, the reflected wave
suffers practically no attenuation on reflection, so that K differs inap-
preciably from unity.

For vertical polarization, however, the behavior is quite a bit dif-

ferent. Here, again, for grazing angles the reflected wave is reversed

1.0

9 N
= \"%
b ] /<>
8-
o <
> 34
240 S,
/
6 2 %l"c,v
= .
™~ =/ o
= t\ .\e?\
a
\z dg/o'/
. 2 -
& 2
h v
3 é) <
%
\ 3
I (&
. /A
S0 50 20 080 90°
O “%o *Zrolio

Fig.il—-Reﬂection Coefficient of Ground Having ¢ =9, ¢ = 0.

in phase without reduction of amplitude (« =180°, K =1) for graz-
ing angles, but for increasing angles its amplitude decreases rapidly
and becomes zero at a certain angle whose cotangent is equal to the
square-root of the dielectric constant. Above this angle there is no
change in phase on reflection (« =0), while the amplitude of the
reflected wave increases steadily to a value at perpendicular incidence
which is the same as that for horizontal polarization. Figure 1 shows
the reflection coefficient for both vertical and horizontal polarizations
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for a ground of zero conductivity and a dielectric constant of 9, repre-
senting Long Island ground, for ultra-high frequencies. In this case,
the angle at which no reflection takes place for vertical polarization is
about 18°.5.

When the conductivity of the reflecting medium is not negligible,
the relations are more involved. The phase shift on reflection is other
than zero or 180°, in general (complex reflection coefficient). For
horizontal polarization, the phase angle of the reflection coefficient is
always in the second quadrant, but, for most practical cases, the effect
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Fig. 2—Reflection Coefficient of Sea Water at 50 Mc/s.
e =80, 0 = 4.10"!! e.m.u.

of conductivity is quite negligible. For vertical polarization, on the -
other hand, the phase angle of the reflection coefficient is in the third
or fourth quadrants. Corresponding to the perfect dielectric case, the
reflected wave is reversed in phase without reduction of amplitude for
zero angle, and the reflected wave decreases in amplitude rapidly for
increasing angles. Instead of passing through zero, however, it reaches
a finite minimum value, and thereafter increases once more. At the
same time, the phase shift on reflection, considered as a lag, decreases
from 180° at zero angle to zero at vertical incidence, passing through
90° at the angle for which the amplitude of the reflected wave is prac-
tically a minimum. For a given dielectric constant, the effect of
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increasing conductivity is to lower the angle at which the amplitude
of the reflected wave is a minimum. The reflection coefficients for sea
water for a frequency of 50 megacycles are shown in Figure 2.

It is well to bear in mind the above difference in behavior of the
reflection coefficient between horizontal and vertical polarization, for
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Fig. 3—Theoretical field strength vs. wavelength over salt

water at a distance of 1 kilometer from a dipole 8 meters

high radiating 1 watt for vertical and horizontal polariza-
tion. Receiving antenna height = 0.

it is largely responsible for the difference in behavior of propagation
for these two polarizations over mediums of good conductivity, such
as sea water. To illustrate this, Figure 3, taken from Trevor and
Carter’*, shows the theoretical variation with frequency of received
field strength for low antennas, for both vertical and horizontal polar-
ization. At the higher frequencies, where the curves become horizontal,

the dielectric current predominates over the conductivity current, and

* Numbers refer to bibliography at end.
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the sea water “ground” behaves like a pure dielectric, the limiting
ratio of vertical to horizontal polarization field strength then being
equal to the dielectric constant, in this case 80. The phase shift on
reflection for vertical polarization departs from 180° as the frequency
is lowered, giving increased field strengths with vertical polarization.
With horizontal polarization, on the other hand, there is no appreciable
change in phase of the reflected ray with frequency, but the magnitude
of the reflection coefficient approaches unity more closely as the fre-
quency is lowered, resulting in lower field strengths.

Instead of writing the reflection coefficient as Ke/=, it is convenient
for some purposes to write it as —Ke/® where 0 = « *+ 7, so that
& becomes § — . (3) then becomes

£=¢(, V(1 —K)?+ 4K sin’(a/2). (3a)

The path difference, A, depends on the geometry of the circuit,
as shown in Figure 4, being a function of the antenna heights and
their separation. For distances not large compared to the antenna
heights, the path difference may amount to a number of wave-lengths.
In such cases, as the height of the receiving antenna, or the distance,
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Fig. 5—Field strength vs. altitude at North Beach, 9.6 kilometers from
Empire State 44-megacycle transmitter. Radiation 2 kilowatts.
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is changed, the path difference will change through a number of wave-
lengths, and the total field will fluctuate through maximums and mini-
mums, corresponding respectively to conditions where the direct and
reflected rays are in-phase and opposed. This is illustrated by Figures
5 and 6, taken from Trevor and Carter®.

These figures represent measurements made in an airplane on the
radiation from a 44-megacycle transmitter on the Empire State Build-
ing, radiating vertically polarized waves, with a power of 2 kilowatts.
Figure 5 shows the field received at North Beach, a distance of about
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Fig. 6—Field strength vs. distance at 1200 meters altitude—
Empire State 44-megacycle transmitter. Radiation 2 kilowatts.

6 miles, as a function of altitude. The variations of field strength with
height were so rapid that it was impossible to record them manually,
hence a free-hand sketch was resorted to, to portray the effects
observed. Figure 6 shows the variation of field strength with distance
at a constant receiving antenna height, in this case about 4000 feet.

The previous illustrations indicate the nature of the phenomena
observed when the path difference between the direct and reflected
rays is of the order of wavelengths. For antenna heights small com-
pared to their separation, which is the more usual case, the angle of
the reflected ray is very small, and it is permissible to put K =1, while
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& will be small, except for cases like sea water. If the path difference
is large enough to neglect © in comparison with A, the total received
field becomes
3 27l ha
§=¢,2s8in—=¢,2sin ———— 4)
2 Ad

If the antennas are low enough, the sine factor may be replaced by
its argument, giving the familiar expression

47Th1h2
E = éo"——
Ad
Ry,
= 240x* HI (5)
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For a half-wave doublet, this is
hyhy
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hihof
= 0. 01052\/ W ——— nv/m, 6)
d?

where, in the latter form, k&, and h, are in feet, d in miles, f in mega-
cycles, and W in watts. This is the familiar inverse-square law for
propagation over a plane earth. Under the conditions for which it is
valid, the received field varies inversely as the square of the distance,
directly as the antenna heights, and directly as the frequency. It may
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be well to point out the conditions to which use of the above relations
are restricted. (4) holds only for antenna heights that are great
enough to insure that the path increment yields a phase angle much
greater than ©, and for angles small enough so that K is practically
unity. (5) suffers the additional restriction that the path increment
must be small enough to permit the sine term to be replaced by its
argument, which means, practically, that the path increment should
be less than about 1/6 wavelength. An idea of the nature and magni-
tude of the deviations from the simple form of (5) can be obtained
from Figure 7, taken from a paper by Burrows?:. This figure shows
the deviations at low antenna heights from the linear increase of field
strength with height predicted by (5), for the two extreme cases of
a good conductor (conduction current much larger than dielectric cur-
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Fig. 8—Variation of received field with antenna height for 26.3
kilometer path on 34.6 megacycles with a horizontal half-wave
transmitting antenna 24 meters above the ground.

rent), and a pure dielectric (dielectric current much larger than con-
duction current). The pure dielectric case applies sufficiently well to
ultra-high-frequency propagation over land, while the pure conductor
case applies to propagation over sea water. For the dielectric case
(land), the linear relation of field to height holds for heights above
about one-quarter wavelength for horizontal polarization, and for
vertical polarization above about two wavelengths.

The “relative field strength” given by the ordinate of Figure 7 is
the ratio of the field strength at any height to that at zero height. The
abscissa gives the antenna height to a scale (the factor k) which de-
pends on the ground constants and the polarization. Curves 1 and 2,
for vertical and horizontal polarization, respectively, apply to trans-
mission over a good conductor, while curve 3 applies to the case of a
pure dielectric. Curve 1, for vertical polarization, shows an initial
decrease of field strength with increase of height to a minimum at a
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height corresponding to an abscissa value of 1.0, whereas curve 2, for
horizontal polarization, indicates a steady increase of field strength
with height. The height (abscissa) scales, however, are different for
the two cases (different values of k). If curve 2 were plotted to the
same abscissa scale as curve 1, curve 4 would result. It is seen that
the great advantage of vertical over horizontal polarization in propa-
gation over a good conductor such as sea water holds only for small
heights, and that above the height corresponding to 1.0 on the abscissa
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cycles. Transmitting and receiving megacycles. Transmitting and re-
antennas 2.9 and 3.1 meters above ceiving antennas 2.9 and 1.6 meters
Long Island ground. above Long Island ground.

of Figure 7, horizontal polarization actually gives the greater fields.
For a frequency of 50 megacycles, this height is 84 feet.

An experimental check of the linear height-field strength relation
is shown in Figure 8, taken from a paper by Burrows, Decino, and
Hunt'”. The best straight line through the log-log plot of the experi-
mental points shows a slope very close to unity. Numerous other meas-
urements have substantiated the linear relation predicted from (5).
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Experiments conducted by Trevor and Carter® over the flat ground
at Suffolk Airport near Riverhead yielded results showing confirmation
of the theoretical inverse-square variation of field strength with dis-
tance. The results for a frequency of 41.4 megacycles are shown in
Figures 9 and 10, for vertical and horizontal polarization, respectively.
The dotted curves in these figures represent an inverse-square-of-
distance variation. Similar results were obtained at 61 megacycles.
It is seen that there is not much difference between the results on
horizontal and vertical polarization.

During these experiments, it was observed that any airplane flying
over the field would cause large variations in received signal as the
plane moved along, due to interference between the signal reflected
from the plane and that received over the normal path. This is an
illustration of interference at a fixed receiving location from a moving
reflecting object. Similar interference effects are produced from fixed
reflecting objects when the receiving (or transmitting) location is
moved, as in mobile work. The interference effects then produce a
standing-wave pattern in space. Such standing-wave patterns were
reported by Jones!, and studied rather extensively by Englund, Craw-
ford, and Mumford’. The latter showed that individual trees, guy
wires, etc., clearly produced reflections which contributed to the com-
nlex standing-wave pattern. In general, such standing waves are
mostly prevalent near ground level in suburban locations or open coun-
try, so that they can be expected to subside for the most part when
the antennas are placed well above the level of irregular objects and
surfaces.

URBAN CHARACTERISTICS

The theoretical relations which have been considered above were
based on an earth assumed to be a level plane. Actually, of course, the
character of the ground usually differs considerably from such an ideal
assumption. This is particularly true in urban locations, especially in
the larger metropolitan areas with many high buildings. Buildings
present surfaces which are many wavelengths in extent for ultra-high
frequencies, so that well-defined reflections can be expected from them.
As a result, transmission between two points in an urban area may
take place over a great many paths. Since the path increments between
these components may be a number of wavelengths, a slight change
in location of the receiving antenna may change the phase relations
between the various received components sufficiently to result in a
large alteration of the resultant field. In fact, the superposition of the
waves which are reflected back and forth between buildings sets up a
very complicated standing-wave pattern in space. Obviously, then, the
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field intensity may fluctuate up and down widely as the receiving
antenna is moved around. This was pointed out very forcefully by
the experiments reported by Jones'.

The standing-wave patterns which result from the superposition
of the many components bouncing around building areas are dependent
on the phase and amplitude relations between these components. Since
for a given set of paths the phase relations depend on the frequency,
entirely different standing-wave patterns usually result for frequencies
differing even only moderately. Such behavior is of importance in
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Fig. 11—Response curve with half-wave dipoles at trans-
mitter and receiver. Horizontal polarization, transmitter
at fourteenth floor.

wide-band services such as television, for the effect is equivalent to a
distortion of the frequency characteristic of the system.

The simple case of two components can be used to illustrate the
principles involved in this form of frequency distortion. For a given
difference in path between these two components the phase difference
between them will be directly proportional to the frequency. At a cer-
tain frequency, say f,, the two components will be in phase and a
maximum resultant field will be produced. If the frequency is in-
creased by an amount which makes the phase angle due to the path
difference between the two components increase by 180°, say to f., the
two components will oppose, producing a minimum resultant field. The
frequency interval f, — f;, from maximum to minimum, or vice versa,
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is inversely proportional to the path increment. If this path increment
is large enough, therefore, the received field will vary considerably
over a band such as used for television transmission. The relations
become much more complicated when a multiplicity of components is
present.

Such effects have been investigated by Carter and Wickizer!®, and
by R. W. George®. Carter and Wickizer investigated the frequency
characteristic of a circuit transmitting from the RCA Building to a
receiver on the 85th floor of the Empire State Building in New York
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Fig. 12—Curve constructed from vector diagrams.

City. Figure 11 shows the frequency characteristic obtained with the
transmitter on the 14th floor of the RCA Building, horizontal half-wave
doublets being used for both transmitting and receiving. To explain
the apparently irregular spacing of the peaks and dips in this charac-
teristic, an artificial characteristic was constructed by assuming four
components to be present, having various path lengths and amplitudes.
Such a derived characteristic is shown in Figure 12. It will be noted
that this curve bears certain similarities to Figure 11, indicating that
the experimental characteristic, Figure 11, is the resultant of a direct
ray and several indirect rays having considerably longer paths.

For this particular circuit, such large path differences would be
expected only from rays arriving at relatively wide angles, so that the
use of directive antennas should reduce the variations in response over
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the frequency band. As a check on this, Figure 13 shows the experi-
mental characteristic obtained with directive receiving and transmit-
ting antennas; the maximum variations were reduced to less than =1
decibel.

The above characteristics were obtained using horizontal polariza-
tion. A comparison of the performance obtained with vertical polariza-
tion is afforded by Figure 14, which was obtained with the same
antennas used for Figure 11, but arranged vertically. It will be
observed that the amplitudes of the variations are much greater than

0 2 4 6 810 12 4 6 18 2 22 24 26 28 30 32 34 %
4821, —rranSmitter Fr"equencs Acljustment et

Fig. 13—Response curve with directive transmitting and
receiving antennas. Horizontal polarization, transmitter
at fourteenth floor.

for the same setup using horizontal polarization, Figure 11. This indi-
cates that the amplitudes of the indirect rays are greater with vertical
than with horizontal polarization. A reasonable explanation for this
may be deduced from the magnitude of the reflection coefficients for
horizontal and vertical polarization given in Figure 1. It will be seen
that the magnitude of the reflection coefficient for horizontal polariza-
tion (electric field parallel to the reflecting surface) is always greater
than that for vertical polarization (electric field perpendicular to the
reflecting surface), except for the limiting cases of grazing and per-
pendicular incidence. Since we are concerned with reflecting surfaces
which are predominantly vertical, instead of horizontal ground to
which Figure 1 applies, the roles of horizontal and vertical polarization
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are interchanged, so that transmission from a vertical antenna corre-
sponds to horizontal polarization with respect to the vertical buildings,
and vice versa. Therefore, it is to be expected that vertical antennas
would result in reflected ray components of higher amplitude, on the
average, than would horizontal antennas.

Similar conclusions were reached by George®, who made measure-
ments of the received frequency characteristic over the bands from
81-86 megacycles, and 140-145 megacycles at a number of locations in
the New York area. Both horizontal and vertical polarizations were
used. Figure 15 shows a mass plot which compares the maximum-to-

-
o
o

E-
o
-
D

a

onse
g
—
A
{

P
P4
P

D

N

Relative Res
o328 YLSI

0 2 4+ @ 8 1o 1214 1618 2 22 24 26 28 3o 32 33 36
1828 Transmitter Fr"equencq Adjustment e,

Fig. 14—Response curve with half-wave dipoles at trans-
mitter and receiver. Vertical polarization, transmitter at
fourteenth floor.

minimum ratios measured over the five-megacycle band for vertical
and horizontal polarization. It is seen that for most of the test loca-
tions, vertical polarization resulted in larger variations over the band.
In addition, for any one polarization, the mean maximum-to-minimum
ratio was greater over the 140-145 megacycle band than over the band
80-85 megacycles.

Another interesting point that emerged from George’s study is
that, on the average, horizontal polarization produced an average field
about 2 decibels stronger than vertical polarization, for both frequency
bands. This is shown by Figure 16.

The above experiments represent measurements at a number of
fixed points. A more complete picture of the standing-wave variations
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of the Boston area by Burrows, Hu
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This was done in a mobile survey
nt, and Decino'’, and of the New

York area by Wickizer?®. Sample portions of the records taken in
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Fig. 17—Portion of record showing the small variations of
field strength while driving through residential section of
Boston at a distance of about 5 miles from the transmitter.

Boston are shown in Figure 17, which shows the much larger varia-
tions in field strength in the business district than in the residential
district. A mass plot of the measurements is shown in Figure 18, for
which values averaged over short intervals of distance have been used.
It is seen that most of the points lie within = 10 decibels of the mean
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curve having an inverse-square-of-distance slope. The dashed line is
the theoretical inverse-square-of-distance curve for level terrain plot-
ted from (5). It thus appears that the effect of irregular terrain is
to lower the mean average field by about 10 decibels and to super-
impose variations of about * 10 decibels.

CURVED EARTH

Equation (4) has been derived for a plane earth, hence should not
be expected to apply at distances such that the effect of the earth’s
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one-tenth mile intervals, while those for greater distances
represent averages over one-half mile intervals. The open
circles indicate fields in the high building area. Residential
points outside the city limits have been enclosed in cirecles.

curvature becomes appreciable. It breaks down completely at and
beyond the horizon. In order to explain propagation beyond the hori-
zon, it is necessary to invoke the mechanisms of diffraction and refrac-
tion, both familiar from optical theory.

As is well known, it is not correct to assume that waves travel
strictly in straight lines. Rectilinear propagation is a result of wave
interference between components propagated over paths at either side
of the rectilinear path. If an obstacle is interposed in the path of some
of these components, part of the destructive interference taking place
among them will be destroyed, so that radiation into the “dark” region
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behind the obstacle can take place. This mechanism supplies a dif-
fracted field which, for a given frequency, depends on the geometry
of the circuit, and hence a steady field.

Refraction in the atmosphere is due to its varying index of refrac-
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tion with height. The index of refraction decreases with height, so
that, for wave fronts propagated nearly horizontally, the phase velocity
of the upper portions of the wave front is higher than that of the lower
portions, resulting in bending of the wave front downward. This
downward bending of the wave front compensates in part for the
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curvature of the earth, resulting in increased field strengths at dis-
tances beyond the horizon. The index of refraction of the atmosphere
varies with its temperature, relative humidity, and movement of air
masses, 80 that the rise in field strength due to refraction is subject
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to corresponding variations. The slow fading up and down of ultra-
high-frequency signals over longer paths is attributable to these
variations in index of refraction. In addition, it has been demonstrated
recently that reflections from atmospheric irregularities®, for example
air-mass boundaries, contributes to the field beyond the horizon, and
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is probably responsible for the more rapid types of fading experienced.
This may be considered as a limiting case of refraction, much as
refraction in the ionosphere is spoken of as “reflection.”

DIFFRACTION
A rigorous solution of the diffraction of radio waves around the
earth is exceedingly complicated. A general solution, in the form of
an infinite harmonic series, was given in 1910 by Poincare for vertical
polarization, but this result was of little use for practical purposes in
the radio case, since at frequencies of about 40 megacycles it has been
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estimated®® that the principal contribution to the numerical result
would be given by about a thousand terms either side of the six-
millionth term. Watson! was the first to attain a solution that was
adaptable to numerical computation, but his analysis was limited to
earths that behaved like a perfect conductor. The extension to the
general case including the effect of the dielectric properties of the
ground was indicated by T. L. Eckersley® in 1932, The complete treat-
ment of the problem, taking account of finite antenna heights, was
recently worked out by van der Pol and Bremmer®-323, Wwedensky',
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and by Eckersley and Millington3. These theories proceed from a
solution of Maxwell’s equations with appropriate boundary conditions.
All of them treat only the case of vertical polarization.

Epstein!® on the other hand, attempted to assess the effect of dif-
fraction on the field beyond the horizon by applying Huyghens’ prin-
ciple, treating the earth as a perfectly absorbing screen. He showed
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that the screening effect could be approximated by replacing the earth
by a straight edge at the intersection of the planes tangent to the
earth from transmitter and receiver. Burrows, Decino, and Hunt
showed that it was not possible to overlook the reflected ray compo-
nents by treating the earth as a perfect absorber, and then proceeded
to correct Epstein’s method by including the effect of ground reflection.
By assuming low antennas, at equal heights, they arrived at the con-
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clusion that the field beyond the horizon could be calculated by apply-
ing to (4) a correction factor due to diffraction attenuation. This
correction factor is the amplitude of the Cornu spiral evolved in optical
diffraction theory. For large distances, it varies inversely as the
three-halves power of distance, so that, according to their result, the
total field should vary inversely as the seven-halves power of distance
at large distances, irrespective of frequency.

From a study of experimental data on propagation extending be-
yond the horizon, Beverage® was led to an empirical relation for the
variation of field strength with distance. Some of the data that illus-
trate his method are shown in Figures 19, 20, and 21. Within the
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Fig. 23—Results obtained over sea: A = 6m, k = 80, 0 = 101!, 1 kK radiated.

horizon of the transmitter, a straight line is drawn on the log-log plot
with an inverse-square of distance slope, corresponding to values ob-
tained from (5). At the horizon distance, a second line is drawn for
distances beyond the horizon with a slope to fit the data. From data
taken at a number of frequencies, Beverage found that the slope of
the line drawn to fit the data beyond the horizon increased with fre-
quency. By plotting this slope against frequency, Beverage obtained
Figure 22.

This relation, of course, is purely empirical, and hence may not be
justified on theoretical grounds. For one thing, the method indicates
that at distances beyond the horizon the field strength varies as a

www.americanradiohistorv.com


www.americanradiohistory.com

130 Katzin: U-H-F Propagation

negative power of distance, so that a straight line is obtained when
plotted on log-log paper. On the other hand, the theoretical works of
Wwedensky'$, van der Pol and Bremmer®, and Eckersley and Milling-
ton3 all indicate that at such distances the relation of field strength
to distance is of exponential form, so that a straight line is obtained
by plotting field strength to a logarithmic scale, and distance to a
linear scale. This is also the type of relation obtained by von Handel
and Pfister!s, although their slopes (exponents of e¢) are based on
Watson’s! analysis of perfect conductivity.

The theoretical works mentioned above are all in substantial agree-
ment, hence it will be sufficient to consider only one of them. For this
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Fig. 24-—Results obtained over land: A = 6m, k=25, 0 = 1013, 1 kW radiated.

we select the treatment of Eckersley and Millington®!, since they have
pushed their analysis to the most complete numerical results®.

As mentioned previously, the theoretical solution is obtained in the
form of an infinite series. Eckersley’s curves for 6-meter (50-mega-
cycle) propagation over sea and land are shown in Figures 23 and 24,
respectively. At distances beyond the horizon, the first term of the
series is predominant, so that calculation is simplified. In this region
it is found that the curves of field strength vs. distance for various
heights are parallel, so that at any distance the variation of field
strength with height is independent of distance and the earth con-
stants (provided, of course, that we remain in the region where the
first term of the series predominates). These curves show the received
field strength with the receiver (transmitter) on the ground and the
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transmitter (receiver) at the height indicated on the curve, for a
radiated power of one kilowatt. To apply these curves to the general
case where both transmitter and receiver are elevated, a factor is
obtained from Figures 25 or 26 to correct for the height above ground
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of the terminal assumed to be on the ground in Figures 23 and 24.
Above a certain height, h, (indicated in Figure 26), the variation of
field strength with height is independent of the earth constants, as
shown in Figure 25. Below %, however, the variation of field strength
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with height depends on the earth constants and the frequency. This
is indicated by the fanning out of the single curve into a family of
curves for various frequencies and types of ground.

The above theories, and their numerical results given in the form
of curves, yield the value of the field strength beyond the horizon due
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to diffraction around the earth’s curvature. In addition to diffraction,
however, refraction is a mechanism which contributes to the field,
especially beyond the horizon.

REFRACTION

Jones?, in discussing long-distance reception of transmission from
the Empire State Building, mentioned various types of fading which
were encountered. The type of fading varied over wide limits, the
signals at times being nearly constant, while at other times fading
rates up to ten or twenty cycles per second were observed. These
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Fig. 27—Flights from transmitter. Wave-length—4.6
meters; Altitude—1000 feet.

phenomena were thought to be due to refraction, which had been sug-
gested earlier by Jouaust?.. Jones even pointed out that some of the
phenomena observed intimated the existence of multipath propagation,
which has recently been demonstrated by Englund, Crawford, and
Mumford®. Jouaust?, in his early work, pointed out the similarity of
refraction of radio waves to that of light waves, due to the varying
index of refraction of air with height. He mentioned the great influ-
ence of the water vapor content of the atmosphere, and pointed out
that optical experiments had demonstrated a seasonal effect, the re-
fraction being greater in summer than in winter. Schelleng, Burrows,
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and Ferrell® showed that refraction was equivalent to an increase in
the earth’s radius, and used an increase to four-thirds the actual
radius to represent average conditions. Englund, Crawford, and
Mumford!’, in a series of airplane flights over ocean water, showed
that the effect of refraction varied over a wide range with season.
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Fig. 28—Field strength variation at various distances.
Curve A—Maximum variation observed in one day.
Curve B—Variation neglecting highest and lowest 5% of time.
Curve C—Variation neglecting highest and lowest 10% of time.

Figure 27, taken from their paper, shows that the received signal at
great distances from the transmitter progressively decreased as winter
approached. Variation of water vapor content of the air was sug-
gested as a plausible explanation.

Ross Hull*25 showed the dependence of the variation of received
signal levels over long paths on air-mass conditions, and showed that
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strong signals resulted from the presence of temperature inversions
in the lower atmosphere. He considered that the rapid types of fading
were caused by turbulence in the atmosphere. The general experience
is that fading is more pronounced, and signals stronger, at night.

To obtain statistical information on the variations of field strength
due to fading, Burrows, Decino, and Hunt3® analyzed a year’s recording
of 150-megacycle signals over a slightly non-optical path. They found
that fading reduced the field seven decibels below the average one per
cent of the time. MacLean and Wickizer®” made simultaneous record-
ings of 50-megacycle transmissions from the Empire State Building
at three locations along a radial from the transmitter, one near the
line of sight, and the other two at successively greater distances. They
found that the variation of field strength at the three locations was
random, and that the fading range increased with distance. The latter
point is brought out by Figure 28.

Englund, Crawford, and Mumford3* made an extensive investiga-
tion of ultra-high-frequency fading over an ocean path. By employing
a frequency-sweep method, they proved the presence of multipath
propagation. These multiple paths were traced to the normal “ground”
ray plus grazing-incidence reflections from air-mass boundaries, or
“gky-waves.” The combined effects are similar in many respects to
fading phenomena experienced near the edge of the service area of
broadcast stations, although the so-called “sky-waves” originate in
entirely different manners.

Thus, it has been amply demonstrated that the received fields,
especially beyond the horizon, are subject to variations with time, due
to refraction and reflection in the lower atmosphere. The process of
diffraction furnishes a steady field beyond the horizon, while variable
refraction superimposes the variations which produce the fading.
Some writers have pointed out that ultra-high-frequency signals are
received over distances much greater than would be the case if dif-
fraction acted alone, and that, therefore, the effect of diffraction is of
no practical importance. This cannot be true, however, as shown by
the following argument. It has been shown that the effect of refraction
is to increase the effective earth’s radius, and therefore, to push the
effective horizon of a transmitter farther out. If refraction were the
only mechanism of importance, then, for given refraction conditions
there should be a distance at which the field strength suddenly sinks
to zero, this distance being the effective horizon due to refraction.
This does not happen, of course, so that the view we must adopt is
that refraction and diffraction are mutually-assisting mechanisms.
Refraction may be considered to set up a new horizon for the trans-
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mitter, while diffraction carries the signal beyond this new horizon
into the “shadow” region.

Due to the variable nature of refraction, however, it is difficult
to obtain an experimental check on the magnitude of diffraction attenu-
ation as predicted by theory. A further complication is that the
irregular nature of practical types of terrain differs widely from the
smooth spherical surface on which the theoretical works are based.

To conclude this summary of the subject of ultra-high-frequency
propagation, it may be of interest to show how some of the phenomena
discussed above affect the service area of an ultra-high-frequency

broadcast station. For this purpose the results of the extensive survey
made by Wickizer3® of the 52.75-megacycle audio channel of the NBC
television transmitter on top of the Empire State Building will be
used. In this survey, continuous recordings of the signal along a
number of radials from the transmitter were made in an automobile.
‘The records showed the usual large variation in amplitude of the
received field within short distances caused by buildings and other
local objects. A short sample of one of the records, taken in a sub-
urban location, is shown in Figure 29. The records were divided into
short sections and the maximum, minimum, and average values for
each section determined, as shown on Figure 29. In this way, the data
were transferred to the form shown in Figure 30, which shows the
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summary of the record taken between New York City and Camden,
New Jersey. The extremities of the vertical lines represent maximum
and minimum values for each section of the record, while the short
horizontal bars through the vertical lines indicate the average values.
From the average values, curves such as shown in Figure 31, which
corresponds to the values in Figure 80, were then drawn. A set of
such curves, showing the variation of average field strengths with
distance in various directions from the transmitter, provided data
from which equi-signal contours could be drawn. The field-strength
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maps obtained in this manner are shown in Figures 32 and 33, in
which the numbers affixed to the contours represent average field
strengths in decibels above one microvolt per meter, for a receiving
antenna 30 feet high.

These contours represent average field-strength values as measured
by the survey car along highways. They do not necessarily represent
the field strength that would be obtained at a particular receiving
installation. An idea of the order of magnitude of the deviations to
be expected from the average values represented by the contours can
be obtained from data giving the mean deviations from the average
field strengths that occurred. Wickizer found that the mean deviations
covered a range of about 20 decibels, roughly 10 decibels above and
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below the average values. It will be recalled that Burrows, Hunt, and
Decino found a similar range in their Boston survey. As a result
of these variations, then, an antenna located on one of the contours
might receive a field as little as the next lower contour, or as great
as the next higher contour.

Near the horizon, and beyond, refraction in the atmosphere causes
a variation in field strength, or fading, which increases at greater
distances from the transmitter. From the work of MacLean and
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Wickizer we obtained Figure 28, showing the increase in fading range
with distance from the Empire State transmitter. This figure may
be used to estimate the additional variation of received field due to
fading. For example, the maximum variation, or fading range, at
thirty-two miles, which is near the 60-decibel contour was 10 decibels,
or the difference between adjacent contours. If the extreme maximum
and minimum values are discarded, the variation becomes of consid-
erably smaller range, as shown by curves B and C of Figure 28.
These represent the fading ranges which were exceeded less than five
per cent and ten per cent of the time, respectively.

Wickizer combined the data showing the variations due to irregu-
lar terrain, and those due to fading, and obtained Figure 34, showing
the approximate limits of the variations from the field strengths indi-
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cated on the contour maps to be expected in practice. The results of
the survey may therefore be summarized by saying that residents on
any contour should receive, as their normal field strength, at least
the value of the next lower contour, and some should receive as much
as the next higher contour. Superimposed on this normal field will be
a variation, due to refraction, increasing from zero very near the
transmitter up to about 15 decibels at the 30-decibel contour. The use
of Figure 34 should, therefore, assist in interpretation of the coverage
maps.
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FREQUENCY MODULATION PROPAGATION
CHARACTERISTICS*

By

MURRAY G. CROSBY
R.C.A. Communications, Inc., Riverhead, N. Y.

Summary—Early work on frequency modulation is described wherein
the propagation characteristics of frequemcy modulation were determined
for frequencies between 9000 and 18,000 kilocycles. Oscilloscopic wave form
and aural program observations, taken on a circuit between California and
New York, showed that frequency modulation i8 much more distorted by
the effects of multipath transmission than is amplitude modulation. The
distortion is greatest at the lower modulation frequencies and higher depths
of modulation where the side frequencies are most numerous.

Oscilloscopic observations of the Lissajou figures formed by placing the
outputs of receivers connected to spaced antennas on opposite oscilloscope
plates showed that the diversity characteristics of frequency modulation are
similar to those of amplitude modulation. That is, the detected outputs of
the receivers tend to remain in phase for the lower modulation frequencies
and become more phase random as the modulation frequemcy is increased.
However, this tendency 18 almost obliterated on the lower modulation fre-
quencies of frequency modulation by the presence of unequal harmonic dis-
tortion in the two receiver outputs.

Theory i3 given analyzing the distortion emcountered in a two-path
transmission medium under various path amplitude and phase relation con-
ditions. The theory explains phenomena observed in the tests and points out
the extreme distortion that can be encountered.

INTRODUCTION

lation has been of a theoretical nature!-?3 and very little has been

I[N THE annals of radio, most of the work done on frequency modu-
offered as a result of any experimental development.

Considerable theory has also been presented in the consideration of

* Decimal classification: R148. Presented as part of a paper on “Propa-
gation and Characteristics of Frequency Modulated Waves,” before I.R.E.
New York meeting, January 8, 1936.

1 John R. Carson, “Notes on the Theory of Modulation,” Proc. I.R.E.,
vol. 10, pp. 57-64; February, (1922).

2 Balth van der Pol, “Frequency Modulation,” Prec. I.R.E., vol. 18, pp.
1194-1205; July, (1930).

3 Hans Roder, “Amplitude, Phase, and Frequency Modulation,” Proc.
I.R.E., vol. 19, pp. 2145-2176; December, (1931).

Reprinted from Proc. I.R.E., June, 1936.
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this type of modulation as a defect of amplitude modulation.3-435.8.7
A more recent contribution® includes an experimental investigation
checking theory on the detection products produced in a frequency
modulation receiver. It is the purpose of this paper to report on devel-
opment work undertaken by the engineering department of R.C.A.
Communications, Inc., wherein the propagation characteristics of fre-
quency modulation were determined for a circuit between California
and New York.

Early work done on frequency modulation within the Radio Cor-
poration was that of H. O. Peterson? in which a laboratory frequency
modulation circuit was set up. Later, in an attempt to reduce fading
by frequency diversity, one of the telegraph transmitters on the
Argentina and Brazil circuits was frequency modulated. Finally a
definite development program was undertaken consisting of the devel-
opment of a frequency modulation transmitter at the Rocky Point
transmitting research and design laboratories and the development of
a suitable receiver at the Riverhead receiving research and design
laboratories.

After the transmitter and receiver were developed to a sufficient
stage to permit a long-distance test to determine the propagation char-
acteristics of frequency modulation, the transmitter was shipped to
Bolinas, California, where it was operated by J. W. Conklin who had
assisted in its development. The transmissions were observed at the
Riverhead station on the receivers developed by the author. The tests
were carried out in 1931 during the months from March to June,
inclusive.

PROPAGATION TESTS

In the tests carried on between Bolinas and Riverhead, two major
problems presented themselves for solution. First, how would fre-

- 4R. Bown, D. K. Martin, and R. K. Potter, “Some Studies in' Radio
Broadcast Transmission,” Proc. I.R.E., vol. 14, pp. 57-131; February, (1926).

5 R. K. Potter, “Transmission Characteristics of a Short-Wave Tele-
phone Circuit,” Proc. I.R.E., vol. 18, pp. 633-648; April, (1930).

8J. C. Schelleng, “Some Problems in Short-Wave Telephone Trans-
mission,” Proc. I.R.E., vol. 18, pp. 933-937; June, (1930).

7T. L. Eckersley, “Frequency Modulation and Distortion,” Experi-
mental Wireless and The Wireless Engineer, vol. 7, pp. 482-484; September,
(1930). It is interesting to note that in this article Eckersley makes the
following prediction from his theory which agrees with the results obtained
in the work described in this paper: “It will easily be seen that this results
in most appalling distortion, and renders futile any attempt to use even
pure frequency modulation in any transmission where appreciable echo
delays (of the order of two or three milli-seconds) are present.”

8 J. G. Chaffee, “The Detection of Frequency Modulated Waves,” Proc.
LR.E., vol. 23, pp. 517-540; May, (1935).

9 H. O. Peterson, U. S. Patent No. 1,789,371.
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quency modulation withstand the ravages of fading. Second, could the
detected outputs of two frequency-modulation receivers, fed by spaced
antennas, be added directly!® in a diversity!! receiving system; that
is, would the detected audio outputs remain in phase so that they could
be combined directly, or would some kind of diversity antenna choosing
device, as is in present use, be necessary.

In order to solve the problem of the effect of fading on frequency
modulation, oscilloscopic wave form and aural program observations
were made on the tone and program modulation after it had traversed
the radio circuit from California to New York. In this manner the
instantaneous harmonic distortion could be observed.

The diversity problem was answered by applying the outputs of
two receivers, fed by spaced antennas, to opposite oscilloscope plates.
Hence, by proper interpretation of the Lissajous figures obtained, the
relative phases and amplitudes of the two outputs could be determined.

MODULATOR

Fig. 1—Circuit diagram of frequency modulated master oscillator.

The Transmitter

To obtain thz frequency modulation, a circuit of the type shown in
Figure 1 was employed. This type of modulator was used as the
master oscillator to replace the crystal oscillator normally used in a
standard R.C.A. Communications telegraph transmitter. Special pre-
cautions were taken to insure constant element voltages for mean
frequency stability. For the same reason, a one-hour warm-up period
was observed before each transmission to allow the tube temperatures
to settle and prevent drifting. By modulating at master oscillator
frequency a frequency multiplication of from eight to sixteen was
employed depending upon the radiated frequency. Hence, the fre-
quency deviation, with modulation, was multiplied by a factor of from
eight to sixteen and the frequency deviation applied to the oscillator
tube was therefore, one eighth to one sixteenth of that radiated.

10 C. W. Hansell, U, S. Patent No. 1,803,504.

11 H, O. Peterson, H. H. Beverage, and J. B. Moore, “Diversity Tele-
phone Receiving System of R.C.A. Communications, Ine.,” Proc. I.R.E., vol.
19, pp. 562-684; April, (1931).
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The operation of the modulator of Figure 1 depends upon the
variation of the effective inductance of the oscillator tuned circuit
inductance, L,, by virtue of the variation of the modulator tube plate
resistance connected across coil L; which is coupled to the oscillator
inductance, L,. The modulator tube is biased at such a point that as
the modulation is applied at its grid, its plate resistance will vary in

Fig. 2—Circuit diagram of frequency modulation receiver
showing the conversion filters and detectors.

accordance with the modulation. By a proper choice of the modulator
bias and the inductance of L,, together with proper adjustment of the
coupling between L, and L,, a linear frequency modulation may be
obtained.

During the frequency modulation transmission the transmitter
amplifiers and frequency doublers were operated class C throughout

so as to limit off any amplitude modulation introduced in the modula-
tor or otherwise.

.
= 1F CHANNEL—
: :
: :

FILTER.DUTRPYT —»

'
'
:
H
h
3

FREQUENCY —~»

Fig. 3—Characteristics of the conversion filters used to convert
frequency modulation into amplitude modulation for detection.

An amplitude modulating stage was include in the transmitter so
that the transmitter could be adjusted for amplitude modulation and
direct comparison could be made between frequency modulation and
amplitude modulation.

The Receiver

A schematic diagram of the frequency modulation receiver is
shown in Figure 2. Energy at the superheterodyne intermediate fre-
quency is fed to the two coupling tubes, A and B, having the conver-
sion filters for converting the frequency modulation into amplitude
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modulation in their plate circuits. The characteristics of these two
filters are given by the curves A and B in Figure 3. The carrier fre-
quency F'., is tuned to the middle of the linear portion of the sloping
characteristic formed by the two tuned circuits connected as shown.
By adjusting the tuned circuits so that the points of maximum and
minimum output fall outside of the intermediate-frequency channel,
only the linear portion of the characteristics are utilized. The outputs
of these filters are fed to the detectors C and D of Figure 2 whose
audio outputs are combined by the transformer T in push-pull or
parallel combination, depending upon the switch S. With the switch
in the push-pull position, frequency modulation may be received and
amplitude modulation balanced out. The balance obtainable on ampli-
tude modulation, however, is complete only for the condition of no
frequency modulation present. As soon as the carrier is frequency

gLﬁl R¢ | |rmstoeral | * ¥ || rFrREQmMop | OSCRLOSCOPE
z aveLFER || wrosc || amPurier || recewver
w
z
«<
o
[~
§ RF FIRST DET& || ¢ || rreamoo
| AMPLIFIER wrosc || ampuFer | receiver

Fig. 4—Block diagram of receiver arrangement used in
determining the phase relation between the detected out-
puts from receivers connected to spaced antennas.

deviated from its unmodulated position, the carriers fed to the detec-
tors are no longer balanced due to the fact that the sloping filters
have opposite slopes. Hence the balance is thrown off by an amount
proportional to the frequency deviation from the unmodulated carrier
position, and the resultant balance is an average between the balanced
and unbalanced conditions. With the switch in the push-pull position,
second harmonic square-law detector distortion is completely balanced
out. With the switch in the parallel position amplitude modulation
may be reecived and frequency modulation balanced out.

The intermediate-frequency amplifier of the receiver was adapted
from broadcast components and had a twelve-kilocycle pass band. Con-
sequently the maximum frequency deviation was limted to one half of
this intermediate frequency channel or six kilocycles. An experimental
harmonic analysis of the receiver showed that it was capable of this
amount of deviation without serious distortion.

An amplitude limiter was arranged so that it could be switched in
and out of the intermediate-frequency circuits. This limiter consisted
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of a separate multistage intermediate-frequency amplifier feeding a
tube with lowered element voltages so that the tube would be heavily
overloaded and its output would be constant regardless of the changes
of the input. Thus amplitude modulation could be removed. This
method of removing amplitude modulation has an advantage over the
balance obtained with the opposite sloping conversion filters in that
the amplitude modulation is completely removed in the presence of
frequency modulation as well as in the unmodulated condition.

For the diversity experiments, an arrangement as shown in Figure
4 was used. Two complete frequency modulation receivers were fed
by two harmonic wire antennas spaced 450 feet apart. The detected

72
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Fig. b—Lissajou figures obtained with various phase relations and fre-
quency ratios between voltages applied to opposite oscilloscope plates.

outputs of the tone modulation were fed to the opposite oscilloscope
plates. Hence, by noting whether the oscilloscope diagram was a line
in the second and fourth quadrants, a circle, or a line in the first and
third quadrants, the relative phase relation of the two detected out-
puts could be determined as being in phase, ninety degrees out of
phase, or 180 degrees out of phase, respectively. (See Figure 5a, b,
¢, d, and e.)

For the wave form observations, the output of a single receiver
was applied to one set of oscilloscope plates and a timing voltage to
the other. Quality distortion was also checked by the aural observa-
tion of music which was transmitted by the frequency and amplitude
modulation transmitters.

Wave Form Data

Day and night observations were made using music and tone modu-
~ lation on frequencies of 18,020, 13,690, and 9010 kilocycles. The gen-
eral conclusions derived were that frequency modulation is far more
susceptible to the effects of selective fading than amplitude modula-
tion. On music, the bass and lower notes were distorted and jumbled
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together while the violin and the other higher solo instruments came
through fairly well. The intelligibility of speech was very low; in
some cases a signal which gave fair intelligibility on amplitude modu-
lation was practically unintelligible on frequency modulation. The
distortion seemed to be proportional to the depth of modulation, since
a sort of blasting effect was observed on the modulation peaks, and
transmissions with lowered deviation came through better than those
with higher deviation. The distortion also seemed to be greatest dur-
ing fading minimums at which timec “bursts” of distortion would
appear; this condition was also present to a lesser extent on ampli-
tude modulation.

The effect due to limiting seemed to be the indication that the
distortion was caused by a change in the instantaneous frequency
deviation of the wave and not due to an added amplitude modulation.
This was evidenceéd by the fact that the limiter effectively removed all
amplitude modulation introduced by fading, but the extreme distortion
remained with little or no perceptible difference attributable to the
limiter.

The general result of the use of different radiation frequencies over
the circuit was to indicate that the quality of modulation was most
impaired on the frequencies where the selective fading was most
marked. Of the three frequencies observed, 18,020 kilocycles showed
the least amount of selective fading, 9010 the greatest, and 13,690 a
mean between the other two. Consequently, the quality of frequency
modulation on 18,020 kilocycles was only ocasionally inferior to that
on amplitude modulation. On 9010 kilocycles there was scarcely an
interval of good quality on the frequency modulation, and the ampli-
tude modulation was also considerably distorted. 13,690 kilocycles
was considered a representative frequency for the observations, since
it presented periods of extremely poor quality along with periods of
fairly good quality. Consequently, the oscillograms were taken on the
13,680-kilocycle radiations.

Figure 6 gives the oscillograms showing the effects of distortion
fading on wave form. From a comparison of the 300- and 1000-cycle
oscillograms taken on frequency modulation, it is apparent that the
amount of distortion on 300 cycles is much greater than that on 1000
cycles. At the lower modulation frequencies on frequency modulation,
the harmonics were comparable to and stronger than the fundamental
for a large percentage of the time. As the modulation frequency was
increased, the amount of distortion decreased until at modulation fre-
quencies above about 3000 cycles, little or no harmonic distortion was
encountered. One of the reasons for this absence of harmonic distor-
tion on the higher frequencies is probably the fact that the pass band
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of the receiver intermediate-frequency amplifier was twelve kiloeycles
and that of the audio amplifier six kilocycles. Hence, for modulation
frequencies above 3000, the side bands above the first were eliminated
by the intermediate-frequency filter and the harmonics were eliminated
by the audio system. The reason for the excessive distortion at the
lower modulation frequencies of frequency modulation is no doubt due
to the effects of multipath transmission in disturbing the phase rela-
tions between the many side frequencies produced by these lower mod-
ulation frequencies.

Fig. 6—Frequency and amplitude modulation wave form oscillograms
showing the distortion due to fading.

A, B, and C. Amplitude modulation, 300 cycles.

D, E, F, G, and H. Frequency modulation, 300 cycles.

I, J, and K. Amplitude modulation, 1000 cycles.

L, M, N, O, and P. Frequency modulation, 1000 cycles.

Figure 6J shows a wave form taken on amplitude modulation when
aural observations indicated that the carrier and not the side bands
had faded. The presence of second harmonic is very evident. It has
been conjectured that frequency modulation might be less susceptible
to the effects of carrier fading because of the fact that the modulated
energy is distributed among the side bands to a greater extent; con-
sequently, the detected output is not as dependent for its value upon
a single frequency in the transmission medium as is amplitude modula-
tion. The observations did indicate that with frequency modulation,
the output was more constant; the quality of this output, however,
prevented its constancy from being of any value for the purpose for
which it was intended. This observation tends to indicate the advan-
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tage of systems wherein telegraph transmitters are frequency modu-
lated to effect a frequency diversity to reduce fading.

Diversity Data

In general the diversity experiments indicated that on both fre-
quency and amplitude modulation the lower modulation frequencies
produced outputs from the two receivers which remained in phase. As
the modulation frequency was increased, the tendency toward phase
differences became very marked until at a 500-cycle modulation fre-

SELE
RONN
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1
Fig. 7T—Oscillograms showing the phase characteristics obtained on

frequency and amplitude modulation using the arrangement of Fig. 4.

A, B, and D. Amplitude modulation, 300 cycles.
C,E, F, G, and H. Frequency modulation, 300 cycles.
I and J. Amplitude modulation, 1000 cycles.

K, L, M, and N. Frequency modulation, 1000 cycles.

O and P. Frequency modulation, 5000 cycles.

quency the phase relation was usually random, varying occasionally a
full 360 degrees.

The effect of radiation frequency on the phase relations between
the two receiver outputs proved to be similar to the effect on wave
form. That is, the phase distortion became less as the radiated fre-
quency was increased. Thus on the 18,020-kilocycle radiations there
were frequent periods when no phase distortion could be observed in
the audio range. On the 13,690-kilocycle radiations the distortion was
usually less than ninety degrees for modulation frequencies below 1000
cycles, while for modulation frequencies from 1000 to 5000 cycles
marked distortions were apparent. On the 9010-kilocycle radiations,
the figures showed random phase variations on all modulation fre-
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quencies most of the time. The oscillograms were taken on 13,690
kilocycles with a frequency deviation of about 2000 cycles.

Figure 7 shows the Lissajou figures obtained in the diversity setup.
The diagrams for amplitude modulation given in Figure 7A, B, and D
for a modulation frequency of 300 cycles show how the two receiver
outputs remain in phase on a low-frequency tone. The diagrams
obtained on frequency modulation with a 300-cycle modulation fre-
quency, given in Figure 7C, E, F, G, and H, obtain their grotesque
distortions from the presence of different harmonic distortions in the
two receiver outputs. Thus one receiver might be receiving a signal
producing a pure fundamental tone only, whereas the other receiver
might be receiving a signal rich in harmonics; consequently, the dia-
gram is distorted according to the difference in the amounts of har-
monic content present at the instant of exposure. The effect produced
by this unequal' harmonic content on the two sets of oscilloscope plates
can be seen from a study of the Lissajou figures given in Figure 5f,
g, h, i, and j. Thus the diagram of Figure 5f might be formed by
the condition of fundamental tone from one receiver and second har-
monic from the other, or the diagram of Figure 5i by second harmonic
from one receiver and third harmonic from the other. The rapid shift
from one harmonic relation to another together with the presence of
complex instead of simple wave forms on the two sets of plates makes
possible erratic and grotesque patterns.!? This effect was apparent to
such a degree on frequency modulation that difficulty was experienced
in determining the phase tendency of the fundamental tones. The
effect was only occasionally noticeable on amplitude modulation.

The diagrams given in Figure 7 I and J for a modulation frequency
of 1000 cycles, show how the higher modulation frequencies on ampli-
tude modulation are marked by phase differences which are not present
on the lower tones. The higher tones on frequency modulation given
in Figure 7 K, L, M, and N for a modulation frequency of 1000 cycles,
and in Figure 7 O and P for a modulation frequency of 5000 cycles,
also indicate marked phase differences and only a slight indication of
different harmonic distortions. Amplitude and frequency modulation
showed about the same amount of phase distortion on the higher modu-
lation frequencies.

THEORY

It is well known that the cause of fading distortion, taking place in
the range of frequencies used in these tests, is due to multipath trans-

12 A more complete set of these Lissajou figures may be found in the
book, “High-Frequency Measurements,” by A. Hund, pp. 71-75; McGraw-
Hill, (1933).
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mission in which the signal is conveyed to the receiving antenna by
means of more than one path. These paths consist of refractions or
reflections from the conducting layers of the ionosphere. Since these
conducting layers vary in height and since the signal may follow a
course consisting of various numbers of ricochets between the iono-
sphere and the earth, the signal traveling over the longer path is.given
a time lag with respect to that traveling over the shorter path. Hence
the frequency modulated signal traveling over an earlier path may be
expressed by

Fq
e =FE;sin!| ot + — cos pt (1)

m

where v = 27 X F,, F, = carrier frequency, F'; = peak frequency devia-
tion due to modulation, F,, = modulation frequency, and p = 2= X F,,.
The signal traveling over a later path may be expressed by

F
e=Elsin{mt+,B+F—dcos (pt-i—a)} (2)

m

where 8 and « take into account the time delay imparted to the carrier
wave and the modulation, respectively.

Considering only a two-path case first, the two waves given by (1)
and (2) may be combined into a single resultant wave by means of
the cosine law resulting in

Fq ©Fy
e= E32+E*4+2EE, cos {—F—‘- cos(pt+a)+ B ——-cos pt}

m m

Frl Fd
sin {——- cos(pt+a)+ B — ——cos pt}
F F

m m

Fy
sin | ot + — cos pt+tan—!
F,, E, F, F,
E— + cos { — cos (pt+a)+ B — ——cos pt}
1 " "

Applying the sum and difference formula for the cosine, calling
EyE,=R, and 2F;/F, sina/2 =127, gives

«
e= /‘/ E3+E24+2EE, cos { zsin <pt + —)— ,8}
2
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sin{zsin(pt+i>—ﬂ}
F, 2

sin | ot + ——cos pt — tan—!- = —— .
F,, «
R+cos{zsin pt + — —,3}
2

Since the receiver either limits off or balances out the amplitude modu-
lation on the signal, the amplitude term of (4) is reduced to a constant
voltage and the only part requiring investigation is the angle or phase

of the wave. To obtain the effective frequency deviation, the instan-
taneous frequency, or the rate of change of phase of (4) must be
determined. This is given by

sin{zsin<pt+i>—ﬂ}
F, 2

d | ot + — cos pt — tan—!

m

r @ 1
R+cos~izsin pt+—]—8¢+
. 2

J
27
= f(cycles)
dt
a a
2 8in —cos { pt + —
2 2
=F_,+F; | cospt — - (5)

)5}
R+cos{zsin pt+—)—RB
2 J

1 {f a i
—+cos{zsin|pt+—|—p8
R 2)"FJ

When R=1, (5) reduces to:

«a a
f=F,+F, [cospt—sin—cos<pt+-—->:| (6)
2 2

which, by application of the cosine law gives

+1
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a
—_— sin? —
a 2
f=F,+F, 1/1 + 8in? — —sinacos | pt — tan—! ———— 4]
2 sin a
2

However when R =1, the amplitude term of (4) must be considered
since there is a possibility of the wave being 100 per cent amplitude
modulated so that the limiter would be unable to hold its output con-
stant and a signal modulated by noise would result. For the case where
the amplitude does not go to zero, that is, for conditions in which the
quantity (2 Fy/F,, sin /2 — 8) does not pass through the points m,
87, 5w, etc., the instantaneous frequency of the wave applied to the
frequency modulation sloping filters is given by (7). From this equa-
tion it can be seen that the resultant distortion under these conditions
is merely a change in the effective frequency deviation of the modula-
tion by a factor depending on a, and the addition of a phase angle
depending upon « to the modulation frequency. Thus, provided the
amplitude does not go to zero, no harmonic distortion is encountered.

When R is large compared to one, (5) becomes:

f=F,+ Fgcospt

a

28in—F¢

2 a o
— — cos| »t + — ] cos {z gin[pt+—}—B8r. (8)
R 2 2 J

By an application of the addition formulas for the sine and cosine,
together with the Bessel function expansions for cos (z sin ¢) and sin
(z sin ¢) and the recurrence formulas for J,(z), (8) may be trans-
formed into the following:

f=F,+ F4gcospt

a
2F,, cos —

? [ B{i(z + 1) Jan s (2) cos (2 +1)<t+“>}
S cos " as1(2) cos (2n pt+ —
R Lo 2n+1 2

+ sin 8 {ZZ?LJ% sin 2n <pt + -Z—)}:l . €:))
n=1

Thus when 8 is zero, a distortion consisting of fundamental and odd
harmonics is added to the frequency deviation originally present.
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These harmonics are proportional to the ratio between the weaker and
the stronger of the signals from the two paths, the modulation fre-
quency, and nJ,(2F;/F,, sin a/2) where # is the order of the harmonic.
When B is ninety degrees, the distortion consists of even harmonics
proportional to the same factors.

By far the most destructive distortion occurs when R is not large
compared to unity, or is not equal to unity, but is slightly greater than
unity. Figure 8 shows wave forms calculated from the part of (5) in
the square brackets. These wave forms are for a two-path case in
which the ratio between the amplitudes arriving over the two paths is
1.2:1. Figures 8(A), (B), and (C) show the effect of various phase
differences between the two radio-frequency carriers with a constant
phase difference of ninety degrees between the modulation frequencies
modulating the two carriers and a constant ratio of F,/F,, of ten. It
is8 quite apparent that the distortion is greatest when the radio-fre-
quency carriers are 180 degrees out of phase. This checks the observa-
tions that the distortion seemed to be greatest during the fading
minimums. With the two radio-frequency carriers out of phase, the
resultant unmodulated amplitude would be at a minimum, producing a
fade in the signal. Figures 8(C) and (D) show the effect of the value
of Fy/F,, on the wave form. The increase of the distortion with in-
crease in F;/F, agrees with the observations that the lower modula-
tion frequencies were the most distorted and that the distortion
seemed to be proportional to the depth of modulation. Thus for modu-
lation frequencies greater than one half the maximum modulation
frequency where F,/F,, can not be greater than two, a wave form
similar to Figure 8(D) would be obtained. For the lower modulation
frequencies, for instance, 200 cycles, the wave form of Figure 8(D)
would exist for a deviation of 282.4 cycles and that of Figure 8(C)
for a deviation of 2000 cycles; hence the distortion increases with
increase in depth of modulation.

From a study of (5), it can be seen that the effect of a change in
the valuz of the phaée difference, «, between the modulation fre-
quencies on the two paths is approximately the same as a change in
the value of Fy/F,, since sin a/2 enters in the quantity Z in the same
manner as does the quantity F,/F,,. However it can also be seen that
the distortion is zero when « is equal to 0, 27, 4x, etc. Thus the most
severe distortion occurs when « == radians or 180 degrees. Since
a = 2xDF,,, where D = time delay between the two paths, for a given
time delay sin «/2 will go through maximums and minimums as the
modulation frequency is varied. Hence bands of maximum and mini-
mum distortion would be expected throughout the modulation fre-
quency band.
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By an application of the same theoretical method, the distortion
due to three or more paths could be determined. The addition of a wave
arriving over the third path to the resultant given by (4) would add
another arc-tangent term to the phase of the resultant in which R
would be equal to the ratio between the resultant amplitude of the first
two paths and the amplitude of the third. This would add distortion
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Fig. 8—Calculated wave forms for frequency modulation transmitted over

a two-path medium plotted from (6). Ratio between path amplitudes,

R =1.2. F,={requency deviation. Fm = modulation frequency. « = phase

difference between modulation frequencies. 8 — phase difference between

carrier frequencies. The dotted line curve is a pure sine wave (representing
no distortion) for comparison purposes.

which would result in a wave form undoubtedly more distorted than
the two-path case. However, the degree of distortion would be pro-
portional to the same parameters as the two-path case since the distor-
tion term added by each path is similar to that produced by the first
two paths.

The distortion encountered by amplitude modulation in multipath
transmission has been theoretically considered in previous literature.!’

13 Charles B. Aiken, “Theory of the Detection of Two Modulated Waves
by a Linear Rectifier,” Proc. I.R.E., vol. 21, pp. 601-629; April, (1933). The
“Case of Identical Modulating Frequencies” considered on page 616 covers
exactly the same situation as the two-path multipath transmission case.
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The general results of this theory are that the distortion consists of a
change of the amplitude of the fundamental modulation frequency
together with the introduction of second harmonic distortion. How-
ever, the higher order harmonic distortion so prone to appear in fre-
quency modulation, and depending upon the ratio F4/F,, is not present.
It is this extreme high order harmonic distortion which makes the
reception of frequency modulation over a multipath medium far more
distorted than the recention of amplitude modulation over the same
medium.

CONCLUSIONS

The general conclusion derived from the tests and theory is that on
circuits where multipath transmission is encountered, frequency modu-
lation is impracticable. This, of course, precluded the use of frequency
modulation on frequencies which are transmitted by refraction from
the Kennelly-Heaviside layer. For the frequencies in the immediate
vicinity of eighteen megacycles, where transmission is largely by a
single path, and where echo is small when it is present,!* fair success
would be possible with a frequency modulation circuit where the modu-
lation frequencies were not higher than about 5000 cycles. However,
the logical place for frequency modulation is on the ultra-high fre-
quencies where the only multipath transmission that exists!® ig that
due to the direct ray and the ray reflected from the ground and other
near-by objects. On the other hand, even this multipath transmission
on ultra-short waves will introduce appreciable distortion to modula-
tion frequencies of the order used in television. This distortion would
be particularly severe in the case where the transmitter and receiver
are both at rather high elevations, but would have the possibility of
elimination by the use of directivity to discriminate against one of
the rays.

The specific conclusions of the tests may be summarized as follows:
The distortion is most severe on the lower modulation frequencies and
on the lower radiation frequencies. The distortion was equally severe
with or without limiting. The diversity tests showed a tendenecy for
the two receivers to stay in phase at the lower modulation frequencies,
but this tendency was almost obliterated by unequal harmonic distor-
tion on the two receivers. The higher modulation frequencies and the
lower radiation frequencies showed the most random phase charac-
teristics.

UT. L. Eckersley, “Multiple Signals in Short-Wave Transmission,”
Proc. LLR.E., vol. 18, pp. 106-122; January, (1930).

15 Bertram Trevor and P. S. Carter, “Notes on Propagation of Waves
Below) Ten Meters in Length,” Proc. L.R.E., vol. 21, pp. 387-426; March,
(1933).
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The specific conclusions of the theory concerning the two-path case
may be summarized as follows: When the two paths are exactly equal
in amplitude, provided conditions are such that the resultant amplitude
does not go to zero, the effect is a change in the effective frequency
deviation with no harmonic distortion. When the strength of one path
is great compared to the other, odd harmonics are introduced when the
phase difference between the carriers is zero and even harmonics are
introduced when the phase difference is ninety degrees. The most
destructive distortion occurs when the amplitudes of the paths are not
quite equal. Under this condition the distortion is greatest for the
higher values of F;/F,, and for phase relations such that the phase
differences between the modulation frequencies and between the carrier
frequencies are both 180 degrees.
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FREQUENCY MODULATION NOISE
CHARACTERISTICS*

By

MURRAY G. CROSBY
R.C.A. Communications, Inc.. Riverhead. L. 1., New York

Summary—Theory and experimental data are givem which show the
improvements in signal-noise ratio effected by frequency modulation over
amplitude modulation. It is shown that above a certain carrier-noise ratio
in the frequency modulation receiver which is called the “improvement
threshold,” the frequency modulation signal-noise ratio i3 greater than the
amplitude modulation signal-noise ratio by a factor equal to the product of
a constant and the deviation ratio (the deviation ratio i8 equal to the ratio
between the maximum frequency deviation and the audio modulation band
width). The constant depends upon the type of noise, being slightly greater
for impulse than for fluctuation noise. In frequency modulation systems with
kigh deviation ratios, a higher carrier level i8 required to reach the improve-
ment threshold than is required in systems with low deviation ratios; this
carrier level is higher for impulse than for fluctuation noise. At carrier-
noise ratios below the improvement threshold, the peak signal-noise ratio
characteristics of the frequency modulation receiver are approximately the
same as those of the amplitude modulation receiver, but the energy content
of the frequency modulation noige i8 reduced.

An effect which is called “frequency limiting” is pointed out in which
the peak value of the noise iz limited to a value not greater than the peak
value of the signal. With impulse noise this phenomenon effects a noise sup-
pression in a manner similar to that in the recent circuits for reducing
impulse noise which 8 stronger than the carrier in amplitude modulation
reception.

When the power gain obtainable in certain types of transmitters by the
use of frequency modulation is taken into account, the frequency modula-
tion improvement factors are increased and the improvement threshold is
lowered with respect to the carrier-noise ratio existing in a reference ampli-
tude modulation system.

INTRODUCTION

N A previously published paper,! the propagation characteristics
I[ of frequency modulation were considered. Prior to, and during

these propagation tests, signal-noise ratio improvements effected
by frequency modulation were observed. These observations were
made at an early stage of the development work and were investigated
by experimental and theoretical methods.

* Decimal classification: R148 X R270. Presented as part of a paper on
“Propagation and Characteristics of Frequency Modulated Waves,” before
LR.E. New York meeting, January 8, 1936. Revised and presented in full
before Chicago Section, September 11, 1936.

1 Murray G. Crosby, “Frequency Modulation Propagation Characteris-
ties,” Proc. I.R.E., vol. 24, pp. 898-913; June, (1936). (See Page 143.)

Reprinted from Proc. I.R.E., April, 1937.
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It is the purpose of this paper to consider that phase of the fre-
quency modulation development work by R.C.A. Communications, Inc.,
in which the signal-noise characteristics of frequency modulation are
studied. The theory and experimental work consider the known sys-
tems of frequency modulation including that independently developed
by E. H. Armstrong.?

TABLE OF SYMBOLS

C = carrier peak voltage.

C/N = theory: Ratio between peak voltage of carrier and instan-
taneous peak voltage of the noise in the frequency modula-
tion receiver. Experiment: Ratio between peak voltage of
carrier and maximum instantaneous peak voltage of the
noise.

C/n = ratio between the peak voltage of the carrier and the peak
voltage of the noise component.

C,/N, = carrier-noise ratio in the amplitude modulation receiver.
F,= maximum audio frequency of modulation band.
F,= carrier frequency.
F, = peak frequency deviation due to applied modulation.
F;, = peak frequency deviation of the noise.
F, = intermediate-frequency channel width.
F,, = modulation frequency.
F, = frcquency of noise resultant or component.
F,/F,= deviation ratio.
K = slope filter conversion efficiency.
M = modulation factor of the amplitude modulated carrier.
M, = modulation factor at the output of the sloping filter.

M,, = modulation factor at the output of the sloping filter when
noise modulates the carrier.

N = instantaneous peak voltage of the noise.
— peak voltage of the noise component,
N, = noise peak or root-mean-square voltage at amplitude modu-
lation receiver output.
N, = noise peak or root-mean-square voltage at frequency modu-
lation receiver output.
p=2nF,,.
S, = signal peak or root-mean-square voltage at amplitude mod-
ulation receiver output.
S, = signal pezk or root-mean-square voltage at frequency mod-
ulation receiver output.
o= 2zF,.

2 Edwin H. Armstrong, “A Method of Reducing Disturbances in Radio
Signaling by a System of Frequency Modulation,” Proc. I.R.E., vol. 24, pp.
689-740; May, (1936).
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o, = 2zF,.
Wypq = (u)—w,,) = 2W(FC—F") =21rp,m.
Z=C/n+ n/C.
¢ (t) = phase variation of noise resultant as a function of time.

THEORY

In the following analysis, frequency modulation is studied by com-
paring it with the familiar system of amplitude modulation. In order
to do this, the characteristics of frequency modulation reception are
analyzed so as to make possible the calculation of the signal-noise ratio
improvement effected by frequency modulation over amplitude modu-
lation at various carrier-noise ratios.? The amplitude modulation
standard of comparison consists of a double side-band system having
the same audio modulation band as the frequency modulation system
and producing the same carrier at the receiver. Differences in trans-
mitter power gain due to frequency modulation are then considered
separately. The frequency modulation reception process is analyzed

‘ RFAMR
& O 8P I-F

wetoer | AP

T

SLOPE I AF |-
]
R FILTER OET AMP,

Fig. 1—Block diagram of a frequency modulation receiver.

by first considering the components of the receiver and the manner in
which they convert the frequency modulated signal and noise spectrum
into an output signal-noise ratio.

The Frequency Modulation Receiver

The customary circuit arrangement used for the reception of
frequency modulation is shown in the block diagram of Figure 1. The
intermediate-frequency output of a superheterodyne receiver is fed
through a limiter to a slope filter or conversion circuit which converts
the frequency modulation into amplitude modulation. This amplitude
modulation is then detected in the conventional amplitude modulation
manner. The audio-frequency amplifier is designed to amplify only
the modulation frequencies; hence it acts as a low-pass filter which
rejects noise frequencies higher than the maximum modulation fre-
quency.

3 Throughout this paper, carrier-noise ratio will refer to the ratio meas-
ured at the output of the intermediate-frequency channel. Signal-noise ratio
will refer to that measured at the output of the receiver and will depend
upon the depth of modulation as well as upon the carrier strength.
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The purpose of the limiter is to remove unwanted amplitude modu-
lation so that only the frequency modulation component of the signal
will be received. It may take the form of an overloaded amplifier tube
whose output cannot rise above a certain level regardless of the input.
Care must also be exercised to insure that the output of the overloaded
amplifier does not fall off as the input is increased since this would
introduce amplitude modulation of reverse phase, but of equally un-
desirable character.

The main requirement of the conversion circuit for converting the
frequency modulation into amplitude modulation is that it slope lin-
early from a low value of output at one side of the intermediate-fre-
quency channel to a high value at the other side of the channel. To do
this, an off-tuned resonant circuit or a portion of the characteristic of
one of the many forms of wave filters may be utilized. The ideal slope
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Fig. 2—Ideal sloping filter characteristics.

filter would be one which gave zero output at one side of the channel,
an output of one voltage unit at carrier frequency, and an output of
two units at the other side of the channel. Such a characteristic is
given by the curve JOC of Figure 2. From this curve it is easily seen
that if the frequency is swung between the limits F, and F;, about the
mean frequency F, the output of the filter will have an amplitude
modulation factor of unity. The modulation factor for a frequency
deviation, F';, will be given by
Fy F, 2F,

My=-— . — (1)
(FI_FC) (Fc_Fo) Fi

where F; = intermediate-frequency channel width.

When the converting filter departs from the ideal characteristic in
the manner of the filter of curve HGOFE of Figure 2, the modulation
factor produced by a given frequency deviation is reduced by a factor
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equal to the ratio between the distances AG and AJ or BE and BC.
A convenient term for this reduction factor of the filter is ‘“‘conversion
efficiency” of the filter. Taking into account this conversion efficiency,
the modulation factor for a frequency deviation F; becomes

°KF,
Mf =
F;

(2)

where K = AG/AJ = BE/BC = conversion efficiency of the filter.

A low conversion efficiency may be used as long as the degree of
limiting is high enough to reduce the amplitude modulation well below
the level of the converted frequency modulation. This is true since
lowering the conversion efficiency reduces the output of the noise in
the same proportion as the signal as long as no amplitude modulation
is present. Hence the signal-noise ratio is unimpaired and the only
effect is a reduction of the audio gain by the factor K. If insufficient
limiting is applied so that the output of the limiter contains appre-
ciable amplitude modulation, a filter with a high conversion efficiency
is desirable so that the amplitude modulation noise will not become
comparable to the frequency modulation noise and thereby increase
the resultant noise.

A push-pull, or “back-to-back” receiver may be arranged by pro-
viding two filters of opposite slope and separately detecting and com-
bining the detected outputs in push-pull so as to combine the audio
outputs in phase. Another slope filter having a characteristic as shown
by the dot-dash line DOP in Figure 2 would then be required.

A further type of receiver in which amplitude modulation is also
balanced out may be arranged by makiag one of the slope filter circuits
of the above-mentioned back-to-back type of receiver a flat-top circuit
for the detection of amplitude modulation only. The sloping filter
channel then detects both frequency and amplitude modulation; the
flat-top channel detects only amplitude modulation. When these two
detected outputs are combined in push-pull, the amplitude modulation
is balanced out and the frequency modulation is received. This type
of detection, as well as that in which opposite slope filters are used,
has the limitation that the balance is partially destroyed as modulation
is applied. However, if a limiter is used, the amplitude modulation is
sufficiently reduced before the energy reaches the slope filters; conse-
quently, for purposes of removing amplitude modulation, the balancing
feature is not a necessity.
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Noise Spectrum Analysis

The first step in the procedure to be followed here in determining
the noise characteristics of the frequency modulation receiver will be
to determine mathematically the fidelity with which the noise is trans-
mitted from the radio-frequency branch, in which it originates, to the
measuring instrument as a function of frequency. To do this, the
waves present at the receiver input will be assumed to be the frequency
modulated carrier and the spectrum of noise voltages. This wave and
spectrum will be combined into a single resultant whose amplitude and
phase are functions of the constants of the component waves. The
resultant will then be “mathematically” passed through the limiter to
remove the amplitude modulation. From a determination of the in-
stantaneous frequency of the resultant, the peak frequency deviation
effected by the noise will be found. A single noise component of arbi-
trary frequency will then be substituted for the resultant of the noise
spectrum, and the modulation factor at the output of the converting
filter will be obtained. This noise component will then be varied in
frequency to determine the over-all transmission of the receiver in
terms of the modulation factor at the sloping filter output. The area
under the curve representing the square of this over-all transmission
will then be determined. By comparing this area with the correspond-
ing area for an amplitude modulation receiver under equivalent con-
ditions, and taking into consideration the pass band of the interme-
diate- and audio-frequency channels, a comparison will be obtained
between the average noise powers, or the average root-mean-square
noise voltages from the two receivers.!

The peak voltage characteristics of the two receivers will be com-
pared for fluctuation noise by a correlation of known crest factors with
the root-mean-square characteristics. (Crest factor = ratio between
the peak and root-mean-square voltages.) The peak voltage charac-
teristics of impulse noise will be determined by a separate considera-
tion of the effect of the frequency modulation over-all transmissions
upon the peak voltage of this type of noise.

After a comparison between the noise output voltages from the
frequency and amplitude modulation receivers has been obtained, the
respective signal output voltages will be taken into consideration so
that the improvement in signal-noise ratio may be determined.

4 Stuart Ballantine, “Fluctuation Noise in Radio Receivers,” Proc.
I.R.E., vol. 18, pp. 1377-1387; August, (1930). In this paper, Ballantine
shows that the average value of the square of the noise voltage “ .. . is
proportional to the area under the curve representing the square of the
over-all transimpedance (or of the transmission) from the radio-frequency
branch in which the disturbance originates to the measuring instrument as
a function of frequency....”
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In the process of determining the over-all transmission of the noise,
the frequency modulated wave may be expressed by

e, = C sin {t + (Fy4/F,,) cos pt} 3

where C =carrier peak voltage, o=2=F, F, =carrier frequency,
F,;=applied frequency deviation, p=2rF,, and F, = modulation
frequency. The noise spectrum may be expressed by its resultant,®

e, = N sin (ot + ¢(¢)) 4)

where N = instantaneous peak voltage of the noise (a function of
time). ¢(t) takes into account the fact that the noise resultant is
phase modulated, as would be the case with the resultant of a spectrum
of many noise voltages. o, =2xF,, F,=frequency of the noise re-
sultant. '

The signal voltage given by (3) and the noise voltage given by (4)
may be combined by vector addition to give

F
e= ‘/02 + N2 4 2CN cos{(m—m”)t—¢(t) +;1f-cospt}
Fy
sin 4 (0 —o,)t — ¢ () + —cos pt}
F, Fp
gin |wt+— cos pt+-tan—?! . (5)

Cc Fy
—-+-cos {(m—m,,)t—¢(t) + —cos pt}
N F

m

m

When the resultant wave given by (5) is passed through the limiter
in the frequency modulation receiver, the amplitude modulation is
removed. Hence the amplitude term is reduced to a constant and the
only part of consequence is the phase angle of the wave. The rate of
change of this phase angle, or its first derivative, is the instantaneous
frequency of the wave. Taking the first derivative and dividing by 2=
to change from radians per second to cycles per second gives

Fy
8in { w,t— ¢ (t) +-—cos pt
Fy F,

d | wt+-— cos pt+tan—!

Fm c Fd
— 408 { wpgt—p () +—cos pt
N F

1
X —
dt 27

5 John R. Carson, “The Reduction of Atmospheric Disturbances,” Proc.
L.R.E., vol. 16, pp. 967-975; July, (1928).

m
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1 de(t)
Fog—— — Fysinpt
27 dt

=f=F,—~F,sinpt— (6)

;+cos {m,mt—¢(t) +—cos pt}

m

+1
—+4co8 Ja,t—¢ () +—cos pt}»
C F

in which v, = (0 —0,) =27 (F,—F,) = 2xF,,.

Equation (6) gives the instantaneous frequency of the resultant
wave consisting of the signal wave and the noise resultant voltage.
From this equation the signal and noise frequency deviations may be
obtained. In order to determine the over-all transmission with respect
to the various components in the noise spectrum, a single component
of noise, with constant amplitude and variable frequency, will be
substituted for the resultant noise voltage given by (4). This makes
N equal to %, which is not a function of time, and ¢ (¢) equal to zero.
Making these changes in (6) gives

. (Fna—FdSinpt)
f=F,— F;s8in pt — — . 1)

c F,
— 4 co8 { w,,t + — cos pt}

n L F,,

n F,
— + €08 4 @yt + — cos pt}
C F

m

+1

The equations for the instantaneous frequency, given by (6) and
(7), show the manner in which the noise combines with the incoming
carrier to produce a frequency modulation of the carrier. From these
equations the frequency deviations of the noise may be determined,
and from the frequency deviations the modulation factor at the output
of the sloping filter may be found. Hence the over-all transmission
may be obtained in terms of the modulation factor at the output of the
sloping filter for a given carrier-noise ratio. When the carrier-noise
ratio is high, (6) and (7) simplify so that calculations are fairly easy.
When the carrier-noise ratio is low, the equations become involved to
a degree which discourages quantitative calculations.
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High Carrier-Noise Ratios

When C/n is large compared to unity, and the applied modulation
on the frequency modulated wave is reduced to zero (Fy=0), (7)
reduces to
n? n
f=Fc——Fu—— Fp, €08 ayt. (8)
C? C

From (8) the effective peak frequency deviation of a single noise
component of the spectrum is

nF,, [n
Fgo= —+1]. 9)
C C
But, since n/C is negligible compared to unity,
nF,,
Fdn = - (10)
C

When this value of frequency deviation is substituted in (1) to find
the modulation factor® of the energy at the output of the sloping filter,
the following results:

n 2F,,
My,=—X—-—" (11)
C F,

Equation (11) shows that the modulation factor of the noise is
inversely proportional to the carrier-noise ratio and directly propor-
tional to the ratio between the noise audio frequency and one half the
intermediate-frequency channel width. When this equation is plotted
with the noise audio frequency, F,,, as a variable and the modulation
factor as the ordinate, the audio spectrum obtained for the detector
output is like that of the triangular spectrum OBA in Figure 3. Such
a spectrum would be produced by varying F, through the range be-
tween the upper and lower cutoff frequencies of the intermediate-
frequency channel. The noise amplitude would be greatest at a noise
audio frequency equal to one half the intermediate-frequency channel
width. At this noise audio frequency, the ratio 2 F,,/F; is equal to
unity and the modulation factor becomes equal to n/C. If the detector
output is passed through an audio system having a cutoff frequency
F,, the maximum frequency of the audio channel governs the maximum

¢ The ideal filter is used in this case since the use of a filter with a low
conversion efficiency would merely require the addition of audio gain to put
the frequency modulation receiver on an equivalent basis with the amplitude
modulation receiver. The audio gain necessary would be equal to the

reciprocal of the conversion efficiency of the sloping filter.
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amplitude of the spectrum. The maximum amplitude of the detector
output is therefore reduced by the ratio F;/2:F,. This can be seen by
a comparison of the spectrum OBA for the detector output and the
spectrum ODH for the audio channel output.

When the amplitude modulation reception process is analyzed with
a carrier and noise spectrum present at the receiver input, the modu-
lation factor of the energy fed to the detector is found to be equal to
the reciprocal of the carrier-noise ratio for all of the noise frequencies
in the spectrum. That is to say, the receiver transmission for ampli-
tude modulation will be constant for all of the frequencies in the
spectrum. Normally the upper cutoff frequency of the audio amplifier
is equal to one half the intermediate-frequency channel width (F,=

nk 3 B
(3
!
Q
& 1) F
8
3

H A
(S — A

Fig. 3—Amplitude and frequency modulation receiver noise spectra. OBA —
frequency modulation detector output. ODH = frequency modulation re-
ceiver output. OCEH — amplitude modulation receiver output.

Fy/2). Consequently the audio spectrum of the amplitude modulated
noise fed to the detector will be the same as that at the receiver output
and will be as portrayed by thz rectangle OCEH.

The spectra of Figure 3 show the manner in which the frequency
modulation receiver produces a greater signal-noise ratio than the
amplitude modulation receiver. The noise at the output of the detector
of the frequency modulation receiver consists of frequencies which
extend out to an audio frequency equal to one half the intermediate-
frequency channel width, and the amplitudes of these components are
proportional to their audio frequency. Hence in passing through the
audio channel the noise is reduced not only in range of frequencies,
but also in amplitude. On the other hand, the components of the signal
wave are properly disposed to produce detected signal frequencies
which fit into the audio channel. In the case of the amplitude modula-
tion receiver, the amplitude of the components at the output of the
audio channel is the same as that at the output of the detector since
the spectrum is rectangular. Thus the frequency modulation signal-
noise ratio is greater than the amplitude modulation signal-noise ratio
by a factor which depends upon the relative magnitudes of the spectra:
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OCEH and ODH. The magnitudes which are of concern are the root-
mean-square and peak values of the voltage due to the spectra.

Root-Mean-Square Noise Considerations

The average noise power or average root-mean square voltage ratio
between the rectangular amplitude modulation spectrum OCEH and
the triangular frequency modulation spectrum ODH, of Figure 3, may
be found by a comparison of the squared-ordinate areas of the two

spectra. Thus,
W, area OCEH (ordinates)?

W, area ODH (ordinates)?

2
<_"_> F,
c < F, >3
3 (12)
Fof ,,  oF 2 2F,
[
0 C F;

where W,/W, is the ratio between the amplitude modulation average
noise power and the frequency modulation average noise power at the
receiver outputs. The root-mean-square noise voltage ratio will be

Na g Wu _ Fl'
—— (r-m-s fluctuation) = = V3 . (13)
N, w, 2F,

Equation (13) gives the root-mean-square noise voltage ratio for
equal carriers applied to the two receivers. The modulation factor of
the frequency modulated signal due to the applied frequency deviation,
F,, is, from (3), equal to 2F;/F;. The modulation factor of the ampli-
tude modulated signal may be designated by M and has a maximum
value of 1.0. Thus the ratio between the two signals will be given by

S, FM F,
— (peak or r-m-s values) = =—(for M =1.0). (14)
S, 2F, 2F,

Dividing (13) by (14), to find the ratio between the signal-noise ratios
at the outputs of the two receivers, gives
S;/N, Fq
(r-m-s values) = /8 —- (15)
S,/N, F,
It is apparent that the ratio between the frequency deviation and
the audio channel, Fy/F, is an important factor in determining the
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signal-noise ratio gain effected by frequency modulation. A convenient
term for this ratio is the “deviation ratio” and it will be designated as
such hereinafter.

Equation (15) gives the factor by which the amplitude modulation
root-mean-square signal-noise ratio is multiplied in order to find the
equivalent frequency modulation signal-noise ratio. Since this factor is
used so frequently hereinafter, it will be designated by the word “im-
provement.” The improvement given by (15) has been developed
under the assumption of zero applied frequency deviation (no modula-
tion) and a carrier which is strong compared to the noise. However,
as will be shown later, as long as the carrier is strong compared to the
noise, this equation also hold true for the case where modulation is
present.

Peak Noise Considerations

In the ultimate application of signal-noise ratios, peak voltages are
of prime importance since it is the peak of the noise voltage which
seems to produce the annoyance. This is especially true in the case
of impulse noise such as ignition where the crest factor of the noise
may be very high. Thus the energy content of a short duration impulse
might be very small in comparison with the energy content of the
signal, but the peak voltage of the impulse might exceed the signal
peak voltage and become very annoying. The degree of this annoyance
would of course depend upon the type of service and will not be gone
into here. In view of this importance of peak noise considerations, the
final judgment in the comparison between the systems of frequency
and amplitinde modulation treated here will be based upon peak signal-
noise ratios.

When the peak voltage or current ratio of the frequency and ampli-
tude modulation spectra is to be determined, the characteristics of the
different types of noise must be taken into consideration. There seem
to be two general types of noise which require consideration. The first
of these is fluctuation noise, such as thermal agitation and shot effect,
which is characterized by a random relation between the various fre-
quencies in the spectrum. The second is impulse noise, such as ignition
or any other type of noise having a spectrum produced by a sudden
rise of voltage, which is characterized by an orderly phase and ampli-
tude relation between the individual frequencies in the spectrum.

Experimental data taken by the author have shown that the fluctua-
tion noise crest factor is constant, independent of band width, when
the carrier is strong compared to the noise. Thus the peak voltage of
fluctuation noise varies with band width in the same manner that root-
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mean-square voltage does, namely, as the square-root of the band
width ratio. Consequently, for the strong-carrier condition, the peak
voltage characteristics of fluctuation noise may be determined by
applying the experimentally determined crest factor to the root-mean-
square characteristics. Hence, in the case of fluctuation noise, (15)
applies for peak noise improvement as well as for average root-mean-
square noise improvement.

I'mpulse Noise Characteristics

A simple way of visualizing the manner in which impulse noise
produces its peak radio-frequency voltage is to consider the case of a
recurrent impulse. It is well known that a recurrent impulse, such as
square-wave-form dots, may be expressed by a Fourier series which
consists of a fundamental and an infinite array of harmonics. The
amplitudes of these harmonics are inversely proportional to their fre-
quencies. The components of the single impulse will be similar to those
of the recurrent impulse since the single impulse may be considered as
a recurrent impulse with a very low rate of recurrence. The part of
this impulse spectrum that is received on a radio receiver is a small
band of the very high order harmonics. Since the frequency difference
between the highest and lowest frequencies of this band is small com-
pared to the mid-frequency of the band, all of the frequencies received
are of practically equal amplitude. These harmonics are so related to
each other by virtue of their relation to a common fundamental that
they are all in phase at the instant the impulse starts or stops. Hence,
for the interval at the start or stop of the impulse, all of the voltages
in the band add up arithmetically and the peak voltage of the combina-
tion is directly proportional to the number of individual voltages.
Since the individual voltages of the spectrum are equally spaced
throughout the band, the number of voltages included in a given band
is proportional to the band width. Consequently, the peak voltage of
the resultant of the components in the spectrum is directly propor-
tional to the band width. Thus impulse noise varies, not as the square
root of the band width, as fluctuation noise does, but directly as the
band width.” Since the voltages in the spectrum add arithmetically,
their peak amplitude is proportional to their average ordinate as well
as proportional to the band width. This makes the peak voltage of
impulse noise, not proportional to the square root of the ratio between

7 The fact that the peak voltage of impulse noise varies directly with the
band width was first pointed out to the author by V. D. Landon of the RCA
Manufaecturing Company. The results of his work were later presented by
him as a paper entitled “A Study of Noise Characteristics,” before the
Eleventh Annual Convention, Cleveland, Ohio, May 13, 1936; published in
the Proc. I.R.E., vol. 24, pp. 1514-1521; November, (1936).
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the squared-ordinates areas, as is the case with root-mean-square noise,
but proportional to the ratio between the areas of the two spectra.
Hence, (referring to Figure 3)

N, area OCEH
—— (peak values, impulse) = ————
N, area ODH
(n/C) X F, F,
= =—" (16)
1 2F, n F,
FgX—X X —
2 Fy C

Dividing (16) by (14) to obtain the ratio between the frequency and
amplitude modulation output signal-noise ratios gives

S,/N, F,
(peak values, impulse) =2 . an
S./N, F,

Equation (17) shows that the frequency modulation peak voltage
improvement with respect to impulse noise is equal to twice the devia-
tion ratio or about 1.16 times more improvement than is produced on
fluctuation noise. The peak power gain would be equal to the square
of the peak voltage gain or four times the square of the deviation ratio.

Low Carrier-Noise Ratios

When the expression for the instantaneous frequency of the wave
modulated by the noise component and signal, given by (7), is resolved
into its components by the use of the binomial theorem, the following
is the result:

) (Fpg — Fgsin pt) n 2n K,
f=F,—Fgsinpt —————————— | ——{1——" H—
Z C zc Z

— K 08 (wpat — Fgsin pt) + K, co8 2 (w,qt — Fy 8in pt)
+ Kgco8 8 (w,st — Fgsinpt) - - }] (18)

C n
in which Z=—+ — and
n

3 10 35 126 462 1716
Ko=K,= 1+—2+—+—+—+—+ + - (19)
Z

Zl ZG ZB le) e
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1 4 15 56 210 792 3003
K=-{-—-—————r—rv-r——— . . . (20)
Z 78 7z It 79 n 718
1 5 21 84 330 1287 5005
Ki={\—+—+—+—+—+ e (21)
Ze Z4 78 78 7w AL Zu

Additional terms of the series of (19), (20), and (21), as well as
higher order series, may be found with the aid of a table of binomial
coefficients.

Equation (18) shows that, as the carrier-noise ratio approaches
unity, the effective signal-noise ratio at the receiver output is no

ook

]
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ju

T

Fig. 4 —Calculated wave forms showing the distortion produced on the

instantaneous frequency deviation of the wave composed of the combination

of the carrier and a single noise component. C/n—=ratio between the peak
voltage of the carrier and the peak voltage of the noise component.

longer directly proportional to the carrier-noise ratio. The effective
frequency deviation produced by the noise has harmonies introduced
and a constant frequency shift added. The effect of the harmonics and
constant shift is to make the wave form of a single noise component
very peaked and of the nature of an impulse. Because of the selectivity
of the audio channel, none of the harmonics are present for the noise
frequencies in the upper half of the audio spectrum. As the frequency
of the noise voltage is lowered, more and more harmonics are passed
by the audio channel and as a consequence, the peak frequency devia-
tion due to the noise is increased. This can be more easily understood
from the following calculation of the wave form produced by the
instantaneous frequency deviation of the single noise component.
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The curves of Figure 4 have been calculated from (7) and show how
the instantaneous frequency deviation varies with time or the phase
angle of the wave. A wave with the instantaneous frequency given by
these curves would produce voltages in the output of the detector of
the frequency modulation receiver which are proportional to the fre-
quency deviations. It can be seen from these curves that, as the carrier-
noise ratio approaches unity, the wave form becomes more and more
peaked. The harmonics which enter in to make up this peaked wave
form are given by (18) and are completely present for all noise fre-
quencies only in the absence of audio selectivity.

In the presence of audio selectivity, the condition portrayed by
(18) is approached as the audio frequency of the noise approaches zero.
Thus the wave form of the noise is sinusoidal at a noise frequency high
enough to have its harmonics eliminated by the audio selectivity, but
becomes more peaked as the frequency is made lower so that more
harmonics are included. This effect tends to increase the peak voltage
of the low-frequency noise voltages which have a large number of har-
monics present. Thus, as the carrier-noise ratio approaches unity, the
triangular audio spectrum is distorted by an increase in the amplitude
of the lower noise frequencies.

The above gives a qualitative and partially quantitative description
of the noise spectrum which results at the lower carrier-noise ratios.
Further development would undoubtedly make possible the exact cal-
culation of the peak and root-mean-square signal-noise ratio at the
receiver output when the carrier-noise ratio at the receiver input is
close to unity, but, because of the laborious nature of the calculations
involved in evaluating the terms of (18), and pressure of other work,
the author is relying upon experimental determinations for these data.

Noise Crest Factor Characteristics

The crest factor characteristics of the noise can be studied to an
approximate extent by a study of (6). This equation portrays the
resultant peak frequency deviation of the wave at the output of the
limiter. From it, the crest factor characteristics of the output of the
detector may be determined since in the frequency modulation receiver
frequency deviations are linearly converted into detector output volt-
ages. However, the crest factor characteristics of the receiver output
are different from those at the detector output due to the effect of the
selectivity of the audio channel. This is especially true in the case of
the frequency modulation receiver with a deviation ratio greater than
unity, that is, where the audio channel is less than one half the inter-
mediate-frequency channel. Consequently, in order to obtain the final
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results, the effect of the application of the audio selectivity must be
applied to the results determined from a study of (6).

From the curves of Figure 4, it can be seen that the peak frequency
deviation of the wave given by (7) occurs at a phase angle equal to 180
degrees. From the similarity of (6) and (7), it can be seen that the
peak frequency deviation of (6) would also occur at a phase angle of
180 degrees. At this phase angle the noise peak frequency deviation
from (6) is

1 deé(?) >
Fog—— — Fysin pt
27 dt
fan (peak) =

(C/N) —1
—_— +1
(N/C) —1

1 d¢(t)

— Fpe—— i — F,sin pt
27 dt
= . (22)
(C/N) —1

Equation (22) shows that the peak frequency deviation of the
noise, for any value of carrier-noise ratio, C/N, is proportional
to the noise instantaneous audio frequency given by the quantity

2 dt

< 1 d¢(t) >
F,, — F;sinpt ) , and to the quantity 1/{(C/N)—1)}.

C/N is the resultant instantaneous peak carrier-noise ratio which is
present in the output of the frequency modulation intermediate-fre-
quency channel. It is apparent that when this carrier-noise ratio is
high, the peak frequency deviation of the noise is proportional to N/C.
When the carrier-noige ratio is equal to unity, the peak frequency
deviation becomes infinite and it is evident that the frequency modula-
tion improvement, which is based on a high carrier-noise ratio, would
be lost at this point. The term “improvement threshold” will be em-
ployed hereinafter to designate this point below which the frequency
modulation improvement is lost and above which the improvement is
realized. Theoretically this term would refer to the condition where the
instantaneous peak voltage of the noise is equal to the peak voltage of
the carrier. However, in the practical case, where only mazimum peak
values of the noise are measured, the improvement threshold will refer
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to the condition of equality of the maximum instantaneous peak volt-
age of the noise and the peak voltage of the carrier.

As the experimental characteristics will show, this increase in peak
frequency deviation of the noise is manifested in an increase in crest
factor of the noise. The crest factor cannot rise to infinity, however,
due to the limitations imposed by the upper and lower cutoff frequen-
cies of the intermediate-frequency channel. This selectivity limits the
peak frequency deviation of the resultant of the noise and applied
modulation to a value not greater than one half the intermediate-
frequency channel width. Hence, in the absence of applied frequency
modulation, the peak voltage of the noise at the detector output may
rise to a value equal to the peak voltage due to the applied frequency
modulation with maximum frequency deviation. In the presence of the
applied frequency modulation, the total peak frequency deviation is
limited so that the noise peaks depress the signal, that is, they punch
holes in the signal, but do not rise above it. Thus a phenomenon which
might be termed “frequency limiting” takes place. This frequency
limiting limits frequency deviations in the same manner that amplitude
limiting limits amplitude deviations. The resulting effect is the same
as though an amplitude limiter were placed at the detector output to
limit the output so that the peak voltage of the noise or signal, or their
resultant, cannot rise above a voltage corresponding to that produced
by the signal alone at full modulation.

Since the frequency limiting limits the noise so that its maximum
amplitude cannot rise above the maximum amplitude of the applied
modulation, a noise suppression effect is present which is similar to
that effected by the recent noise suppression circuits®® used for reduc-
ing impulse noise which is stronger than the amplitude modulated
carrier being received. The result of such limiting is a considerable
reduction of the annoyance produced by an intermittent noise, such as
ignition, where the duration of the impulses is short and the rate of
recurrence is low. With such noise, the depression of the signal for the
duration of the impulse reduces the presence of the signal for only a
small percentage of the time; the resultant effect is a considerable
improvement over the condition where the peaks of the noise are
stronger than the signal. On the other hand, for steady noise such as
fluctuation noise, as the carrier-noise ratio is made less than unity, the

8 Leland E. Thompson, “A Detector Circuit for Reducing Noise Inter-
ference in C. W. Reception,” QST, vol. 19, p. 38; April, (1935). A similar
circuit for telephony reception is described by the same author in QST, vol.
20, pp. 44-45; February, (1936).

8 James J. Lamb, “A Noise-Silencing I.-F. Circuit for Superhet Re-
ceivers,” QST, vol. 20, pp. 11-14; February, (1936).

wWWwWWw.americanradiohistorv.com


www.americanradiohistory.com

178 Crosby: F-M Noise Characteristics

signal is depressed more and more of the time so that it is gradually
smothered in the noise.

When the effect of the audio selectivity is considered in conjunction
with the frequency limiting, it is found that the noise suppression
effect is somewhat improved for the case of a deviation ratio greater
than unity. The reason for this is as follows: The frequency limiting
holds the peak voltage of the noise at the output of the detector so that
it cannot rise above the maximum value of the signal. However, in
passing through the audio channel, the noise is still further reduced
by elimination of higher frequency components whereas the signal
passes through without reduction. Consequently the over-all limiting
effect is such that the noise is limited to a value which is less than the
maximum value of the signal. The amount that it is less depends upon
the difference between the noise spectra existing at the output of the
detector and the output of the audio selectivity.

Experimental determinations, which will be shown later, point out
that as unity carrier-noise ratio is approached, the frequency modula-
tion audio noise spectrum changes from its triangular shape to a
somewhat rectangular shape. Hence the noise spectrum at the output
of the detector when frequency limiting is taking place would be
approximately as given by OCBA of Figure 3. When the audio selec-
tivity is applied, the spectrum would be reduced to OCEH and the band
width of the noise would be reduced by a ratio equal to the deviation
ratio. This would reduce the peak voltage of fluctuation noise by a
ratio equal to the square root of the deviation ratio and that of impulse
noise by a ratio equal to the deviation ratio. Thus, the resultant effect
of the frequency limiting is that the fluctuation noise output is limited
to a value equal to the maximum peak voltage of the signal divided by
the square root of the deviation ratio. The corresponding value of
impulse noise is limited to a value equal to the maximum peak voltage
of the signal divided by the deviation ratio. Consequently, with fluc-
tuation noise, when the noise and signal are measured in the absence of
each other, the signal-noise ratio cannot go below a value equal to the
square root of the deviation ratio; the corresponding signal-noise ratio
impulse noise cannot go below a value equal to the deviation ratio.
However, these minimum signal-noise ratios are only those which exist
when the noise is measured in the absence of the applied frequency
modulation. When the applied modulation and the noise are simul-
taneously present, the noise causes the signal to be depressed. When
this depressed signal, with its depression caused by noise composed of
a wide band of frequencies, is passed through the audio selectivity,
the degree of depression is reduced. The amount of the reduction will
be different from the two kinds of noise. The determination of the
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actual magnitude of this reduction of the signal depression, as effected
by the audio selectivity, will be left for experimental evaluation.

In comparing frequency modulation systems with different devia-
tion ratios at the low carrier-noise ratios, the wider intermediate-fre-
quency channel necessary for the high deviation ratio receiver gives
that receiver a disadvantage with respect to the low deviation ratio
receiver. Since this wider channel accepts more noise than the nar-
rower intermediate-frequency channel of the low deviation ratio re-
ceiver, when equal carriers are fed to both such receivers equality of
carrier and noise occurs at a higher carrier level in the high deviation
ratio receiver. As a result, a higher carrier voltage is required to reach
the improvement threshold in the case of the high deviation ratio
system. Thus at certain low carrier levels, the carrier-noise ratio could
be above the improvement threshold in the low deviation ratio system,
but below in the high deviation ratio system; at this carrier level the
low deviation ratio system would be capable of producing a better
output signal-noise ratio than the high deviation ratio system.

The difference between the improvement thresholds of receivers
with different deviation ratios may be investigated by a determination
of the carrier-noise ratio which exists in the reference amplitude modu-
lation receiver when the improvement threshold exists in the frequency
modulation receiver. This carrier-noise ratio may be found by a con-
sideration of the relative band widths of the intermediate-frequency
channels of the receivers. Thus, when the deviation ratio is unity, and
the intermediate-frequency channel of the frequency modulation re-
ceiver is of the same width as that of the amplitude modulation
receiver,!® the two receivers would have the same carrier-noise ratio in
the intermediate-frequency channels. When the deviation ratio is
greater than unity, and the intermediate-frequency channel of the fre-
quency modulation receiver is broader than that of the amplitude
modulation receiver, the carrier-noise ratio in the frequency modula-

10 In order to assume that the frequency modulation receiver with a
deviation ratio of unity has the same intermediate-frequency channel width
as the corresponding amplitude modulation receiver, the assumption would
also have to be made that the peak frequency deviation due to the applied
frequency modulation is equal to one half the intermediate-frequency channel
width. In the ideal receiver with a square-topped selectivity characteristic,
this amount of frequency deviation would produce considerable out-of-
channel interference and would introduce distortion in the form of a reduc-
tion of the amplitudes of the higher modulation of frequencies during the
intervals of high peak frequency deviation. However, under actual condi-
tions, where the corners of the selectivity characteristic are rounded, it has
been found that the frequency deviation may be made practically equal to
one half the normal selectivity used in amplitude modulation practice with-
out serious distortion. Receivers with high deviation ratios are less sus-
ceptible to this distortion due to the natural distribution of the side bands
for the high values of F¢/Fm which are encountered with such receivers.
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tion receiver is less than that in the amplitude modulation receiver.
For the case of fluctuation noise, where the peak values vary as the
square root of the ratio between the two band widths concerned, the
carrier-noise ratio in the frequency modulation intermediate-frequency
channel would be less than that in the amplitude modulation inter-
mediate-frequency channel by a ratio equal to the square root of the
deviation ratio. Thus, when equal carrier voltage is fed to both re-
ceivers,

C./N, = (C/N)\F,/F, (fluctuation noise, peak or r-m-s values) (23)

in which C,/N, = carrier-noise ratio in the amplitude modulation in-
termediate-frequency channel and C/N = corresponding ratio in the
frequency modulation intermediate-frequency channel.

In the case of impulse noise, where the peak values of the noise
vary directly with the band-width ratio, the carrier-noise ratios in the
two receivers are related by

C,/N,=— ;— (impulse noise, peak values). (24)
N

a

From (23), it can be seen that, with fluctuation noise, a carrier-
noise ratio equal to the square root of the deviation ratio would exist
in the amplitude modulation intermediate-frequency channel when the
carrier-noise ratio is at the improvement threshold (C/N =1) in the
frequency modulation intermediate-frequency channel. Likewise, from
(24), with impulse noise, the frequency modulation improvement
threshold occurs at a peak carrier-noise ratio in the amplitude modula-
tion intermediate-frequency channel which is equal to the deviation
ratio.

Effect of Application of the Moduwlation

For the condition of a carrier which is strong compared to the noise,
the equation for the instantaneous frequency of the wave modulated
by the noise and signal, given by (7), may be reduced to the following:

n2
f=F,— Fysin pt — — (F,, — Fysin pt)
CZ

n Fy
— — (Fnq — Fy8in pt) cosq w,l + —cos pt - (25)
C .

By neglecting the inconsequential term proportional to n*/C?, applying
the sine and cosine addition formulas, the Bessel function expansions,
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and the Bessel function recurrence formulas, (25) may be resolved into

Fy
f=F,— ('n/C)I:Jo <-;_'—> F g 008 0yt

m

F
-7, <_"_> {(Fpg + Fp)8in (0pgt + pt) + (Fug — F,,) sin (0get — pt) }

m

F
- J2 <~—d-> { (Fna + ZF",)COS(w,,at + 2pt)+ (Fna - ZF,,,)COS (“’nat - Zpt)}

m

F
+Js <—i> ((Frg + 3F,) 8i0 (wngt + 39t) + (Fug — 3F 1) Sin (wpgt — 3pt) }

m

+J4...i|- (26)

This resolution shows that the application of frequency modulation
to the carrier divides the over-all transmission of the receiver into
components due to the carrier and each side frequency. The amplitudes
of these components are proportional to the frequency difference
between the noise voltage and the side frequency producing the com-
ponent. The frequency of the audio noise voltage in each one of these
component spectra is equal to the difference between the side frequency
and the noise radio frequency. Thus the application of the modulation
changes the noise from a single triangular spectrum due to the carrier,
into a summation of triangular spectra due to the carrier and side
frequencies. In the absence of selectivity, the total root-mean-square
noise would be unchanged by the application of the modulation since
the root-mean-square summation of the frequency modulation carrier
and side frequencies is constant; hence the root-mean-square summa-
tion of noise spectra whose amplitudes are proportional to the strength
of the carrier and side frequencies would be constant. However, since
selectivity is present, the noise is reduced somewhat. This can be seen
by considering the noise spectrum associated with one of the.higher
side frequencies. The noise spectrum associated with this side fre-
quency, which acts as a “carrier” for its noise spectrum, is curtailed
at the high-frequency end by the upper cutoff of the intermediate-
frequency channel. The region of noise below the side frequency is
correspondingly increased in range, but yields high-frequency noise
voltages which are eliminated by the audio-frequency selectivity. Con-
sequently when modulation is applied, the noise is slightly reduced.
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The amount of this reduction may be calculated by a root-mean-square
summation of the individual noise spectra due to the carrier and side
frequencies. For the case of a deviation ratio of unity, an actual sum-
mation of the various spectra for full applied modulation has shown
the root-mean-square reduction to be between two and three decibels
depending upon the audio frequency of the noise. The same sort of
summations also shows that the reduction becomes less as the deviation
ratio is increased. .

The weak-carrier root-mean-square noise characteristics in the
presence of applied frequency modulation do not lend themselves to
such straightforward calculation as the corresponding strong-carrier
characteristics and will not be gone into here. The same can be said
for the peak-noise characteristics in the presence of applied frequency
modulation.

Transmitter Frequency Modulation Power Gain

The above considerations, which are based upon the equivalent
conditions of equal carrier amplitude at the input of the amplitude
and frequency modulation receivers, do not take into account the power
gain effected by the use of frequency modulation at the transmitter.
Since the power in a frequency modulated wave is constant, the radio-
frequency amplifier tubes in the transmitter may be operated in the
clags C condition instead of the class B condition as is required for a
low level modulated amplitude modulation system. In changing from
the class B to the class C condition, the output voltage of the amplifier
may be doubled. Consequently a four-to-one power gain may be real-
ized by the use of frequency modulation when the amplitude modula-
tion transmitter uses low-level modulation. On the other hand, when
the amplitude modulation transmitter uses high level modulation—that
is, when the final amplifier stage is modulated, the power gain is not
so great. However, for the purpose of showing the effect of a trans-
mitter power gain, the amplitude modulation transmitter will be
assumed to be modulated at low levels.

As this paper is in the final stages of preparation, systems of ampli-
fying amplitude modulation have been announced wherein plate effi-
ciencies of linear amplifiers have been increased practically to equal the
clags C efficiencies.!’-? Since these systems are not in general use as
yet, it will suffice to say that such improvements in amplitude modula-

11 W. H. Doherty, “A New High Efficiency Power Amplifier for Modu-
lated Waves,” presented before Eleventh Annual Convention, Cleveland,
Ohio, May 13, (1936); published in Proc. I.R.E., vol. 24, pp. 1163-1182;
September, (1936).

12 J. N. A. Hawkins, “A New, High-Efficiency Linear Amplifier,” Radio,
no. 209, pp. 8-14, 74-76; May, (1936).
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tion transmission will tend to remove the frequency modulation trans-
mitter gain in accordance with these improvements. Hence the overall
frequency modulation gain will more nearly approach that due to the
receiver's alone.

With a four-to-one power gain at the transmitter, a frequency
modulation system would deliver twice the carrier voltage to its receiver
that an amplitude modulation system would with the same transmitter

L3 ce -

ENALHAISE RATIE |

A
R z
TPUT PEAK 51

I B
nEEd Al gasnenn st
Flaae Mbtpﬁ{ ¢Anﬂ?ﬂ_.q-.ﬂn|££'.ﬁ,mu'fﬁﬂ
| —-__._— | - { =t ——13 1 4

|II

ou
gi%inil 15
i

| D S R

Fig. 5—Theoretical signal-noise ratio characteristics of frequency and

amplitude modulation without the transmitter gain taken into account.

Curve A = amplitude modulation receiver. The curves marked with / and F

show the characteristics of the frequency modulation receivers for impulse
and fluctuation noise, respectively. Fu/F.= deviation ratio.

output stage. Hence (15) and (17), and (23) and (24) become,
respectively,

S;/N,

———— (peak values, fluctuation noise)=2V3F,/F, 2n
S,/N,

S;/N,
————— (peak values, impulse noise) = 4Fy/F, (28)
Sa/N,

C./N,= (C/2N)VF,/F, (fluctuation noise, r-m-s or peak values) (29)

13 The receiver and transmitter gain are mentioned rather loosely when
they are separated in this way. However, it will be understood that the
receiver gain could not be realized without providing a transmitter to match
the requirements of the receiver.
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C,/N,= (C/2N) F;/F, (impulse noise, peak values). (30)

These equations show that this increase in carrier fed to the frequency
modulation receiver not only increases the frequency modulation im-
provement, but also lowers the carrier-noise ratio received on the
amplitude modulation receiver when the improvement threshold exists
in the frequency modulation receiver.
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Fig. 6—Theoretical signal-noise ratio characteristics of frequency and ampli-
tude modulation receivers with the transmitter gain taken into account.

Theoretical Conclusions

The curves of Figure 5 and 6 summarize the theoretical conclusions
by means of an example in which receivers with deviation ratios of
four and one are compared with each other and with an amplitude
modulation receiver at various carrier-noise ratios. Figure 5 shows the
receiver gain only, whereas Figure 6 takes into consideration a trans-
mitter power gain of four to one. The curves are plotted with peak
carrier-noise ratio in the amplitude modulation selectivity channel as
a standard of comparison. Thus the curve for the amplitude modula-
tion receiver is a straight line with a slope of forty-five degrees. The
curves for the frequency modulation receivers show output signal-noise
ratios which are greater or less than those obtained from the amplitude
modulation receiver depending upon the carrier-noise ratio.

For Figure 5, (15) and (17) were used to obtain the strong-carrier
frequency modulation improvement factors. Hence the frequency mod-
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ulation output signal-noise ratios were obtained by multiplying the
amplitude modulation signal-noise ratios by the frequency modulation
improvement factors. The carrier-noise ratios which exist in the
amplitude modulzation receiver when the improvement threshold exists
in the frequency modulation receiver were determined by substituting
a value of unity carrier-noise ratio in (23) and (24). The improve-
ment thresholds are designated in Loth Figures 5 and 6 by the points
u and z for fluctuation and impulse noise, respectively. Since the theory
does not permit actual calculation of signal-noise ratios in the region
between high ratios and the improvement threshold, that part of the
curves has been sketched in with a dashed line.

The part of the impulse-noise curve, for the deviation ratio of four
represented by the line z-y shows the characteristic which would be
obtained if the noise and signal were measured in the absence of each
other. Beccause of frequency limiting, the noise it limited to equality
with the signal at the output of the detector and is then reduced in
peak voltage by the audio selectivity. The amount of this reduction
for impulse noise would be a ratio equal to the deviation ratio or, in
this case, twelve decibels. In the case of fluctuation noise, the reduction
of the noise, which is present in the absence of modulation, would be
equal to the square root of the deviation ratio, or six decibels, and the
corresponding curve is shown by the line v-w. However, these lines do
not portray the actual signal-noise ratio characteristics since the noise
depresses the signal when the carrier-noise ratios go below the im-
provement threshold. In the case of fluctuation noise this signal
depression causes the signal to become smothered in the noise as the
carrier-noise ratio is lowered below the improvement threshold. On the
other hand, with impulse noise such as ignition, where the pulses are
short and relatively infrequent, carrier-noise ratios below the improve-
ment threshold will present an output signal which is depressed by the
noise impulses, but which is quite usable due to the small percentage of
time that the impulse exists.

The curves of Figure 6, which take into account the frequency
modulation transmitter gain, utilize (27) and (28) to obtain the fre-
quency modulation improvements at the high carrier-noise ratios.
These curves assume a carrier at the frequency modulation receiver
inputs which is twice the strength of that present at the amplitude
modulation receiver input. The frequency modulation improvements
are therefore increased by six decibels and the improvement thresholds
occur at signal-noise ratios in the amplitude receiver which are six
decibels below the corresponding ratios for the case where the trans-
mitter gain is not taken into account.
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Further conclusions of the theory are as follows: For the high
carrier-noise ratios, the application of modulation does not increase the
root-mean-square value of the noise above its unmodulated value. Also,
in the case of the low deviation ratio receivers, the root-mean-square
value of the noise will be slightly reduced as the modulation is applied.

EXPERIMENT

In the experimental work it was desired to obtain a set of data
from which curves could be plotted showing the frequency modulation
characteristics in the same manner as the theoretical curves of Figure
5. To do this it was necessary to have an amplitude modulation ref-
erence system and frequency modulation receivers with deviation
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Fig. 7—Block diagram of experimental setup.

ratios of unity and greater than unity. Equal carrier voltages and
noise spectra could then be fed to these receivers and the output signal-
noise ratios measured while the carrier-noise ratio was varied. Since
it was not convenient to measure the carrier-noise ratio at intermedi-
ate frequency, the output signal-noise ratios of the amplitude modula-
tion receiver were measured instead and were plotted as abscissas in
place of the carrier-noise ratios. This gives an abscissa scale which is
practically the same as that which would be obtained by plotting car-
rier-noise ratios. The validity of this last statement was checked by
measuring the linearity with which the output signal-noise ratio of
the amplitude modulation receiver varied from high to low values as
the carrier-noise ratio was varied by attenuating the carrier in known
amounts in the presence of a constant noise. At the very low root-
mean-square ratios the inclusion of the beats between the individual
noise frequencies in the spectrum increases the apparent value of the
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root-mean-square resultant of the noise voltages about two or three
decibels. Thus, except for this small error at the low root-mean-square
carrier-noise ratios, the amplitude modulation signal-noise ratio can
be assumed equal to the carrier-noise ratio.

The block diagram of Figure 7 shows the arrangement of apparatus
used in obtaining the experimental data. The frequency modulated
oscillator employed a circuit which was similar to that used in the pre-
viously mentioned propagation tests.! The modulated amplifier con-
sisted of a signal generator which was capable of being amplitude
modulated, but whose master oscillator energy was supplied from the
frequency modulated oscillator. Thus a signal generator was available
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Fig. 8—Band-pass characteristic of receiver intermediate-frequency
amplifier, and characteristic sloping filter.

which was capable of being either frequency or amplitude modulated.
A two-stage radio-frequency amplifier, tuned to the carrier frequency,
but with no signal at its input, was used as the source of fluctuation
noise. For the impulse noise measurements, the radio-frequency output
of a square-wave multivibrator was fed to the input of this radio-
frequency amplifier.

In order to make available frequency modulation receivers with
different deviation ratios, a method was devised which made possible
the use of a single intermediate-frequency channel and detection system
for all receivers. The method consisted in the insertion of a low-pass
filter in the audio output of the receiver so as to reduce the width of
the audio channel and thereby increase the deviation ratio of the
receiver. This procedure is not that which might be normally followed
since to increase the deviation ratio, the audio channel would normally
be left constant and the intermediate-frequency channel increased.
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However, since it is only the ratio between the intermediate- and audio-
frequency channels which governs the frequency modulation improve-
ment, such an expedient is permissible for the purpose of the experi-
ments.

The band-pass filter of the receiver intermediate-frequency ampli-
fier was adapted from broadcast components and gave an output which
was about one decibel down at 6500 cycles off from mid-band fre-
quency. (See Figure 8.) Hence maximum frequency deviation was
limited to 6500 cycles. The audio channel of the receiver cut off at 6500
cycles and the low-pass filter cut off at 1600 cycles. Thus the following
four different types of receivers were available: Number one, a fre-
quency modulation receiver with a deviation ratio of unity which would
receive a 6500-cycle modulation band. Number two, an amplitude
modulation receiver which would receive a 6500-cycle modulation band.
Number three, a frequency modulation receiver with a deviation ratio
of about four (6500 <+ 1600) which would receive a 1600-cycle modula-
tion band. Number four, an amplitude modulation receiver which
would receive a 1600-cycle modulation band.

With these four receivers, a comparison between number two and
number one would produce a comparison between amplitude modula-
tion reception and frequency modulation reception with a deviation
ratio of unity. A comparison between receivers number four and num-
ber three would produce a comparison between amplitude modulation
reception and frequency modulation reception with a deviation ratio of
four. Thus both frequency modulation receivers had as a standard of
comparison an amplitude modulation receiver with an audio channel
equal to that of the frequency modulation receiver.

The limiter of the frequency modulation receiver consisted of four
stages of intermadiate-frequency amplification arranged alternately to
amplify and limit. The sloping filter detectors utilized the same circuit
as used in the propagation tests! except that only one sloping filter was
used in conjunction with a flat-top circuit as described in the theoreti-
cal section of this paper. Thus a balanced detector type of receiver was
available which would also receive amplitude modulation by switching
off the frequency modulation detector and receiving the detected out-
put of the flat-top circuit. The characteristic of the sloping filter is
shown in Figure 8.

The output of the detectors was fed to a switching system which
connected either to a low-pass filter and attenuator or directly to the
attenuator. The output of the attenuator passed to an audio-frequency
amplifier having an upper cut-off frequency of 6500 cycles. The indi-
cating instruments were connected to the amplifier output terminals.
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For the root-mean-square fluctuation noise measurements, a copper-
oxide-rectifier type meter was used. A cathode-ray oscilloscope was
used for all peak voltage measurements.

In the procedure used to obtain the data, the carrier-noise ratio was
varied over a wide range of values and the receiver output signal-noise
ratios were measured at each value of carrier-noise ratio. To do this,
the output of the noise source was held constant while the carrier was
varied by means of the signal generator attenuator. The output peak
signal-noise ratios were obtained by first measuring the peak voltage
of the tone output with the noise source shut off and then measuring
the peak voltage of the noise with the tone shut off. The maximum
peak voltage of the noise was read for its peak voltage. The root-mean-
square signal-noise ratios were measured by reading the root-mean-
square voltage of the tone in the presence of the noise and then reading
the voltage of the noise alone. The signal was then separated from the
noise by equating the measured signal-plus-noise voltage to VST F NG,
substituting the measured noise voltage for N, and solving for the sig-
nal, S. In these measurements, a 1000-cycle tone was used to modulate
at fifty per cent the amplitude modulator or to produce one-half fre-
quency deviation (3250 cycles) on the frequency modulator. The out-
put signal-noise ratios were corrected to a 100 per cent, or full modula-
tion, basis by multiplying them by two. The radio frequency used was
ten megacycles.

Fluctuation Noise Characteristics

The curves of Figure 9 show the fluctuation noise characteristics, in
which peak signal-noise ratios were measured. These curves check the
theoretical curves of Figure 5 as nearly as such measurements can be
expected to check. With the deviation ratio of four (low-pass filter in),
the theoretical strong-carrier improvement should be 4 X 1.73 = 6.9 or
16.8 decibels; the measured improvement from Figure 9 is about 14
decibels. With the deviation ratio of unity (low-pass filter out), the
measured improvement was about 3.5 decibels as compared to the 4.76-
decibel theoretical figure. The full frequency modulation improvement
is seen to be obtained down to carrier-noise ratios about two or three
decibels above the improvement threshold (equality of peak carrier and

141n the preliminary measurements, a thermocouple meter was con-
nected in parallel with the copper-oxide-rectifier meter in order to be sure
that no particular condition of the fluctuation noise wave form would cause
the rectifier meter to deviate from its property of reading root-mean-square
values on this type of noise. It was found that the rectifier type of instru-
ment could be relied upon to indicate correctly so that the remainder of the
measurements of root-mean-square fluctuation noise were made using the

more convenient rectifier type of instrument.
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noise). The fact that the frequency modulation improvement threshold
occurs at a higher carrier-noise ratio in the case of the receiver with a
deviation ratio of four than in the case of the receiver with a deviation
ratio of unity, also checks the theoretical predictions. In this case of
fluctuation noise, the improvement threshold for the receiver with the
deviation ratio of four should occur at a carrier-noise ratio in the
amplitude modulation intermediate-frequency channel which was twice
the corresponding ratio for the receiver with a deviation ratio of unity.
The curves show these two points to be about seven decibels apart or
within one decibel of the theoretical figure of six decibels.
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Fig. 9—Measured peak signal-noise ratio characteristics for fluctuation

noise. Curve A —amplitude modulation receiver. Curve B = frequency

modulation receiver with deviation ratio equal to unity. Curve C = frequency
modulation receiver with deviation ratio equal to four.

The data for the curves of Figure 9 were obtained by measuring
the peak value of the noise alone and signal alone and taking the ratio
of these two values as the signal-noise ratio. Hence the signal depress-
ing effect, occurring for carrier-noise ratios below the improvement
threshold, does not show up on the curves. In order to obtain an
approximate idea as to the order of magnitude of this effect, observa-
tions were made in which the carrier-noise ratio was lowered below the
improvement threshold while the tone modulation output (100 per cent
modulation in the case of the amplitude modulation observation and
full frequency deviation in the case of the frequency modulation obser-
vation) was being monitored by ear and oscilloscope observation. It
was found that the fluctuating nature of the instantaneous peak voltage
of the fluctuation noise had considerable bearing upon the effects
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observed. Due to the fact that the instantaneous value of the peak
voltage is sometimes far below the maximum instantaneous value,
frequency modulation improvement is obtained to reduce still further
the peak voltage of these intervals of noise having instantaneous peak
voltages lower than the maximum value. This effect seems to produce
a signal at the output of the frequency modulation receiver which
sounds “cleaner,” but which has the same maximum peak voltage char-
acteristics as the corresponding amplitude modulation receiver. Thus,
as far as maximum peak voltage of the noise is concerned, the frequency
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Fig. 10—Measured root-mean-square signal-noise ratio characteristics for

fluctuation noise. Curve A = amplitude modulation receiver. Curve B—=
frequency modulation receiver with deviation ratio equal to unity. Curve
C = frequency modulation receiver with deviation ratio equal to four.

modulation receiver produces about the same output as the amplitude
modulation receiver for carrier-noise ratios below the improvement
threshold. The reduction of the peak voltage of the noise during the
intervals of lower instantaneous peak value reduces the energy content
of the noise in the output; hence some idea of the magnitude of this
effect can be obtained from the root-mean-square characteristics of the
noise.

“The curves of Figure 10 are similar to those of Figure 9 except that
the root-mean-square signal-noise ratios are plotted as ordinates. Since
the crest factor of the signal is three decibels and that of fluctuation
noise is about thirteen decibels (as later curves will show), the root-
mean-square signal-noise ratios are ten decibels higher than the cor-
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responding peak ratios. It can be seen that the root-mean-square
characteristics differ from the peak characteristics in the range of
carrier-noise ratios below the improvement threshold; above the im-
provement threshold, the characteristics are similar.

Since the root-mean-square and peak signal-noise ratios display
different characteristics below the improvement threshold, it is quite
evident that the crest factor of the noise changes as the c¢arrier-noise
ratio is lowered below this point. The crest factor can be obtained from
the curves of Figure 9 and 10 as follows: By adding three decibels to
the ordinates of Figure 10 they will be converted to peak signal to
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Fig. 11—Crest factor characteristics of frequency and amplitude modulation

receivers. Curve A = amplitude modulation receiver with 6500-cycle audio

channel. Curve B —frequency modulation receiver with deviation ratio

equal to unity. Curve C —frequency modulation receiver with deviation
ratio equal to four.

root-mean-square noise ratios. Hence by subtracting from these ratios
the corresponding ordinates of Figure 9, the crest factor of the noise
is obtained. The results of such a procedure are shown in Figure 11.

In the case of the frequency modulation receiver with a deviation
ratio of four, Figure 11 shows that the crest factor increases by about
14.5 decibels at the improvement threshold. Hence the frequency mod-
ulation improvement, which is about fourteen decibels by measurement
and sixteen by calculation, is counteracted by an increase in crest fac-
tor. This same situation exists in the case of the receiver with a devia-
tion ratio of unity. Here the increase in crest factor is about four
decibels; the measured frequency modulation improvement is about 3.5
decibels and the calculated value 4.76 decibels.
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Curve A of Figure 11 shows the crest factor characteristics of the
amplitude modulation receiver. It is seen that this crest factor is about
equal to that for frequency modulation above the improvement thresh-
old. The average value of the crest factor for both amplitude and
frequency modulation in this region is thirteen decibels or about 4.5 to
one. This value checks previous measurements of crest factor where a
slide-back vacuum tube voltmeter was used in place of an oscilloscope
to measure the peak voltage and a thermocouple was used to measure
the root-mean-square values.

The point where the crest factor of the noise increases, which occurs
at the frequency modulation improvement threshold, has a rather dis-
tinctive sound to the ear. When fluctuation noise is being observed,

Fig. 12—Wave form of fluctuation noise output at unity carrier-noise ratio
in the frequency modulation receiver. F — frequency modulation
receiver. A — amplitude modulation receiver.

as this point is approached the quality of the hiss takes on a more
intermittent character, somewhat like that of ignition. This point has
been termed by the author the “sputter point,” and since it coincides
with the improvement threshold it is a good indicator for locating the
improvement threshold. It is caused by the fact that the fluctuation
noise voltage has a highly variable instantaneous peak voltage so that
there are certain intervals during which the instantaneous peak voltage
of the noise is higher than it is during other intervals. Consequently,
as the maximum peak value of the noise approaches the peak value
of the signal, the higher instantaneous peaks will have their crest
factor increased to a greater degree than the lower instantaneous
peaks. Figure 12 shows oscillograms taken on the fluctuation noise
output of the frequency and amplitude modulation receivers with the
1600-cycle low-pass filter in the audio circuit and with the signal-noise
ratio adjusted to the sputter point. These oscillograms also tend to
show how the frequency modulation signal would sound “cleaner” than
the amplitude modulation signal when the carrier-noise ratio is below
the improvement threshold.
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Data were also taken to show the fluctuation noise characteristics
as frequency modulation is applied. These data were taken by inserting
low-pass or high-pass filters in the audio system and then applying a
modulation frequency to the frequency modulated oscillator which
would fall outside the pass band of the filters. The low-pass filter cut
off at 1600 cycles so that modulating frequencies higher than 1600
cycles were applied. The output of the filter contained only noise in
the range from zero to 1600 cycles and the change of noise versus fre-
quency deviation of the applied modulation could be measured. The
high-pass filter also cut off at 1600 cycles so that measurements of the
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Fig. 13—Variation of frequency modulation receiver output noise as fre-

quency modulation is applied. 1600-cycle low-pass filter in audio output.

Modulation frequency: for curve X = 6000 cycles, Y — 3000 cycles, and Z =

2000 cycles. C/N = peak carrier-noise ratio in the output of intermediate-
frequency channel.

noise in the range from 1600 to 6500 cycles were made while applying
modulation frequencies below 1600 cycles. In the case of the high-pass
filter, the harmonics of the modulating frequencies appeared at the
filter output in addition to the noise. Consequently, a separate meas-
urement of the harmonics in the absence of the noise was made so that
the noise could be separated from the harmonics by the quadrature
relations. The results with the low-pass filter are shown in Figure 13.
The results with the high-pass filter are shown in Figure 14.

The curves of Figure 13 are representative of a system with a
deviation ratio of four. They point out the fact that when the peak
carrier-noise ratio in the frequency modulation intermediate-frequency
channel is greater than unity, the root-mean-square noise is substan-
tially unchanged due to the application of modulation. The one curve
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for a carrier-noise ratio less than unity shows a gradual increase of the
noise, which would effect a decrease of the signal-noise ratio as the
modulation is applied; this increase in the noise is displayed to a
greater extent on the lower modulation frequency of 2000 cycles than
on the higher modulation frequencies of 3000 and 6000 cycles.

Figure 14 is approximately representative of a receiver with a
deviation ratio of unity. This is because the range of noise fre-
quencies from zero to 1600 cycles, which were eliminated by the high-
pass filter, were a small part of the total range extending out to 6500
cycles. At the highest carrier-noise ratio, the noise is decreased as the
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Fig. 14—Variation of frequency modulation receiver output noise as fre-
quency modulation is applied. 1600-cycle high-pass filter inn audio output.
Modulation frequency — 1000 cycles.

modulation is applied. This is in accordance with the deductions of
the theory in the section Effect of Application of Modulation. As the
carrier-noise ratio is lowered this tendency is eliminated.

Data similar to that for Figure 13, with the low-pass filter in the
audio circuit, were taken measuring the output peak voltage of the
noise. The characteristics obtained were identical to those obtained
with root-mean-square measurements.

Since the harmonics of the tone present in the output of the high-
pass filter could not readily be separated from the noise for the peak
voltage measurements, the high-pass filter data were taken by root-
mean-square measurements only.

Measurements were also made to determine how much the audio
selectivity reduced the degree of signal depression present at the out-
put of the detector of the frequency modulation receiver. The carrier-
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noise ratio was set so that the maximum peak voltage of the fluctuation
noise was equal to the peak voltage of the carrier. At this carrier-noise
ratio the maximum noise peaks depressed the signal down to zero at
the output of the detector. At the output of the 1600-cycle low-pass
filter, the maximum noise peaks depressed the signal five decibels.
Thus, without the audio selectivity, the signal was depressed by an
amount equal to its total amplitude; with the audio selectivity, the
signal was depressed to five decibels below full amplitude or down to an
amplitude of 56 per cent. Hence the reduction of the depth of the sig-
nal depression was from a 100 per cent depression to a depression of
(100 — 56)=44 per cent or a reduction of about seven decibels. The
theoretical reduction of the fluctuation noise in the absence of the
modulation would be equal to the square root of the ratio of band
widths or six decibels. Thus the reduction of the signal depression is,
for all practical purposes, the same as the reduction in the peak voltage
of the noise alone.

Impulse Noise Measurements

The first measurements on impulse noise were made using an auto-
mobile ignition system driven by an electric motor. However the
output from this generator proved to be unsteady and did not allow a
reasonable measurement accuracy. Consequently a square-wave multi-
vibrator was set up. This type of impulse noise generator proved to
be even more stable than the fluctuation noise source and allowed
accurate data to be obtained. On the other hand, the output of the
receiver being fed by this noise generator was not as steady as would
be expected. In the absence of the carrier the output was steady, but
as the carrier was introduced the output peak voltage started to fluctu-
ate. Apparently the phase relation between the components of the noise
spectrum and the carrier varies in such a manner as to form a resultant
wave which varies between amplitude modulation and phase or fre-
quency modulation. Hence the output of a receiver which is adjusted
to receive either type of modulation alone will fluctuate depending
upon the probability considerations of the phase of combination of the
carrier and noise voltages.

The preliminary impulse noise measurements were made on an
amplitude modulation receiver by comparing the peak voltage ratio
between the two available band widths of 6500 and 1600 cycles. The
6500-cycle channel was fed to one set of oscilloscope plates and the
1600-cycle channel to the other. Thus, when the peak voltages at the
outputs of the two channels were equal the oscilloscope diagram took
a symmetrical shape somewhat like a plus sign. The two channel levels
were equalized by means of a tone. Hence, when the noise voltage was
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substituted for the tone, the amount of attenuation that had to be
inserted in the wider band to produce a symmetrical diagram on the
oscilloscope was taken as the ratio of the peak voltages of the two band
widths. In this manner a series of readings was taken which definitely
proved that the peak voltage ratio of the two band widths was propor-
tional to the band width ratio. These readings were taken on both the
ignition system noise generator and the multivibrator generator. As a
check, readings on fluctuation noise were also taken which showed that
the peak voltage of fluctuation noise varies as the square root of the
band width.
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Fig. 16-—Measured peak signal-noise ratio characteristics of impulse noise.

Curve A —amplitude modulation receiver. Curve B — frequency modula-

tion receiver with deviation ratio of unity. Curve C = frequency modulation
receiver with deviation ratio of four.

The final measurements on impulse noise were made using the same
procedure followed for the fluctuation noise measurements of Figure 9.
Only peak voltage measurements were made on this type of noise. The
curves are shown in Figure 15. It can be seen that the peak voltage
characteristics of impulse noise are similar to those of fluctuation noise
except for the location of the improvement threshold. For the receiver
with a deviation ratio of four, the improvement threshold occurs at a
carrier-noise ratio slightly above sixteen decibels as compared with
slightly above eight decibels for fluctuation noise. The difference
between the improvement thresholds for the two frequency modulation
receivers is about fourteen decibels; the corresponding theoretical fig-
ure, which is equal to the ratio of the two deviation ratios, is twelve
decibels. The theoretical difference between the strong-carrier fre-
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quency modulation improvements for impulse and fluctuation noises,
as indicated by the difference between the factors two and the square
root of three respectively, is too small to be measurable with such
variable quantities as these noise voltages.

Since the signal-noise ratios for the curves of Figure 15 were
obtained by measuring the noise and signal in the absence of each
other, the signal-depressing effect of the noise does not show up. How-
ever, in the case of impulse noise, these curves are more representative
of the actual situation existing, because the noise depresses the signal
for only a small percentage of the time. In the listening and oscilloscope
observations conducted with carrier-noise ratios below the improve-
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Fig. 16—Over-all transmission oscillograms of the frequency and amplitude

modulation receivers. 1600-cycle low-pass filter in audio output. Top row =

amplitude modulation, bottom row — frequency modulation. C/n = ratio be-
tween the carrier and the variable-frequency heterodyning voltages.

ment threshold, it was observed that at unity carrier-noise ratio the
noise peaks depressed the amplitude of the signal to zero at the output
of the detector. When the low-pass filter was inserted in the audio cir-
cuit, the impulse noise peaks depressed the signal about 2.5 decibels or
reduced the amplitude from 100 per cent to 75 per cent. The effective
signal-noise ratio is then increased from unity to 100/(100 — 75)=14
or 12 decibels. This is equal to the theoretical reduction in peak volt-
age of impulse noise which would be effected by this four-to-one band
width ratio. It is then evident that the reduction of the depth of the
signal depression caused by the impulse noise is of the same magnitude
as the reduction of the peak voltage of the noise alone.

Over-all Transmissions

The oscillograms of Figure 16 show the over-all transmissions of
the amplitude and frequency modulation receivers at various carrier-
noise ratios. These oscillograms were taken by tuning the receiver to a
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carrier, and then, to simulate the noise, manually tuning a heterodyn-
ing signal across the intermediate-frequency channel. The audio beat
output of the receiver was applied through the low-pass filter to the
vertical plates of the oscilloscope. A bias proportional to the frequency
change of the heterodyning voltage was applied to the other set of
oscilloscope plates. Consequently the spectra obtained are those which
would be produced by the combination of a single noise component of
variable frequency and the carrier. At the higher carrier-noise ratios,
the spectrum is rectangular for amplitude modulation and triangular
for frequency modulation. The dip in the middle of the amplitude
modulation spectrum is where the audio output is near zero beat. As
the carrier-noise ratio is decreased, the frequency modulation spectrum
deviates from its triangular shape and the wave form of the receiver
output has increased harmonic content at the lower audio frequencies
where the audio selectivity does not eliminate the harmonics.

The amplitude modulation spectra of Figure 16 also show the pres-
ence of added harmonic distortion on the lower modulation frequencies
and lower carrier-noise ratios. However, the effect is so small that it is
of little consequence.

The spectra of Figure 16 allow a better understanding of the situ-
ation which is theoretically portrayed by (7) of the theory.

Ezxzperimental Conclusions

It can be concluded that the experimental data in general confirm
the theory and point out the following additional information:

The improvement threshold starts at a carrier-noise ratio about
three or four decibels above equality of peak carrier and noise in the
frequency modulation intermediate-frequency channel. Hence the full
frequency modulation improvement may be obtained down to a peak
carrier-noise ratio in the frequency modulation receiver of three or
four decibels.

The root-mean-square fluctuation noise characteristics differ from
the peak fluctuation noise characteristics for carrier-noise ratios below
the improvement threshold. The improvement threshold starts at
about the same peak carrier-noise ratio, but the improvement does not
fall off as sharply as it does for peak signal-noise ratios. Thus, for ear-
rier-noise ratios below the improvement threshold the energy content
of the frequency modulation noise is reduced, but the peak character-
istics are approximately the same as those of the amplitude modulation
receiver. The characteristics are not exactly the same due to the fre-
quency limiting which allows the noise peaks to depress the signal, but
does not allow them to rise above the signal.
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The crest factor of the fluctuation noise at the outputs of the fre-
quency and amplitude modulation receivers is about thirteen decibels
or 4.5 to one for the strong-carrier condition. The crest factor of ampli-
tude modulation fluctuation noise remains fairly constant regardless
of the carrier-noise ratio. At equality of peak carrier and peak noise
in the frequency modulation intermediate-frequency channel, the crest
factor of the noise in the output of the frequency modulation receiver
rises to a value which counteracts the peak signal-noise ratio improve-
ment over amplitude modulation ; the improvement threshold manifests
itgelf in this manner.

At the improvement threshold, the application of the audio selec-
tivity reduces the signal depression due to a noise peak by the same
ratio that it reduces the noise in the absence of the signal. Thus the
depth of a noise depression in the signal is reduced by a ratio equal to
the square root of the deviation ratio in the case of fluctuation noise,
and equal to the deviation ratio in the case of impulse noise,.

GENERAL CONCLUSIONS

The theory and experimental data point out the following conclu-
sions:

A frequency modulation system offers a signal-noise ratio improve-
ment over an equivalent amplitude modulation system when the car-
rier-noise ratio is high enough. For fluctuation noise this improvement
is equal to the square root of three times the deviation ratio for both
peak and root-mean-square values. For impulse noise the correspond-
ing peak signal-noise ratio improvement is equal to twice the deviation
ratio. When the carrier-noise ratio is about three or four decibels
above equality of peak carrier and peak noise in the frequency modula-
tion intermediate-frequency channel, the peak improvement for either
type of noise starts to decrease and becomes zero at a carrier-noise
ratio about equal to unity. Below this “improvement threshold,” the
peak characteristics of the frequency modulation receiver are approx-
imately the same as those of the equivalent amplitude modulation
receiver. The root-mean-square characteristics of the frequency modu-
lation noise show a reduction of the energy content of the noise for
carrier-noise ratios below the improvement threshold; this is evidenced
by the fact that the improvement threshold is not as sharp for root-
mean-square values as for peak values.

At the lower carrier-noise ratios, frequency modulation systems
with lower deviation ratios have an advantage over systems with
higher deviation ratios. Since the high deviation ratio system has a
wider intermediate-frequency channel, more noise is accepted by that
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channel so that the improvement threshold occurs at a higher carrier
level in the high deviation ratio system than in the low. Hence the
low deviation ratio systems retain their frequency modulation improve-
ment down to lower carrier levels.

The peak voltage of fluctuation noise varies with band width in the
same manner as the root-mean-square voltage, namely, as the square
root of the band width. The peak voltage of impulse noise varies
directly as the band width. In frequency modulation systems with a
deviation ratio greater than unity, this difference in the variation with
band width makes the improvement threshold occur at a higher carrier
level with impulse noise than with fluctuation noise. Hence frequency
modulation systems with higher deviation ratios are more susceptible
to impulse noise interference.

Because of a phenomenon called “frequency limiting” the peak fre-
quency deviations of the noise or the noise-plus-signal are limited so
that the peak value cannot rise above the maximum peak value of the
signal at the output of the detector. The application of audio selec-
tivity reduces this maximum value of the noise so that fluctuation noise
cannot rise to a value higher than the maximum value of the signal
divided by the square root of the deviation ratio; the corresponding
value of impulse noise cannot rise to a value higher than the maximum
peak voltage of the signal divided by the deviation ratio. Inherent with
this limiting effect is a signal-depressing effect which causes the fluc-
tuation noise gradually to smother the signal as the carrier-noise ratio
is lowered below the improvement threshold. However in the case of
impulse noise, the signal depression is not as troublesome, and a noise-
suppression effect is created which is similar to that effected in the
recent circuits for suppressing impulse noise which is stronger than
the carrier in an amplitude modulation system. When the deviation
ratio is greater than unity, this frequency limiting is more effective
than the corresponding amplitude modulation noise-suppression cir-
cuits; this is caused by the audio selectivity reducing the maximum
peak value of the noise so that it is less than the peak value of the
signal.

For carrier-noise ratios greater than unity, the application of fre-
quency modulation to the carrier does not increase the noise above its
value in the absence of applied frequency modulation.

At the transmitter, a four-to-one power gain is obtained by the use
of class C radio-frequency amplification for frequency modulation
instead of the customary class B amplification as is used for low level
amplitude modulation. Therefore, for the same transmitter power
input, a frequency modulation system will produce at its receiver a
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carrier which is twice as strong as that produced at the receiver of an
amplitude modulation system. This results in two effects: first, the
frequency modulation improvement is doubled for carrier-noise ratios
above the improvement threshold; second, when the improvement
threshold occurs in the frequency modulation receiver, the carrier-
noise ratio existing in the amplitude modulation receiver is one half
of what it would have been without the transmitter power gain.
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THE SERVICE RANGE OF FREQUENCY
MODULATION

By

MURRAY G. CROSBY

Engincering Department, R.C.A. Commmunications, Inc.

Summary—An empirical ultra-high-frequency propagation formula is
correlated with experimentally confirmed frequency modulation improve-
ment factors to develop a formula for the determination of the relation
between signal-noise ratio and distance in a frequency-modulation system.
Formulas for the distance between the transmitter and the point of occur-
rence of the threshold of frequency-modulation improvement, as well as
formulas for the signal-noise ratio occurring at this distance, are also
developed.

Results of calculations and listening tests are described which evaluate
the signal-noise ratio gain obtained by applying pre-emphasis to the higher
modulation frequencies of both amplitude and frequency modulation systems.

Examples using a typical set of conditions are given and discussed.

quency modulation are such as to confine the use of this type of

modulation insofar as telephony is concerned to the ultra-high fre-
quencies which do not use the ionosphere as a transmission medium.}
Consequently, for most purposes, calculations of service range of a
frequency modulation transmitter may be based totally on the propaga-
tion characteristics of ultra-high-frequency waves and in this paper
that base will be used. Formulas and empirical data now available
make it possible to calculate the field strength at the receiver if trans-
mitter power, antenna heights, and distance are known. Consequently,
the signal-noise ratio for amplitude modulation may be determined if
the field strength of the noise is known. From this known amplitude-
modulation signal-noise ratio, the signal-noise ratio obtainable with a
given frequency-modulation system may be determined by multiplying
the corresponding amplitude-modulation signal-noise ratios by the fre-
quency-modulation improvement factors as given in the author’s pre-
viously published paper? on frequency-modulation noise characteristics.
It is the purpose of this paper to perform this correlation of these
propagation and frequency-modulation improvement formulas and
develop formulas so that from the known constants of the frequency-
modulation system, the signal-noise ratio at a given distance may be
directly calculated.

I[T HAS BEEN shown that the propagation characteristics of fre-

Reprinted from RCA Review, Jan. 1940.
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AMPLITUDE-MODULATION SIGNAL-NOISE RATIO VS. DISTANCE

The following empirical formula has been given by H. H. Beverage?
for calculating the field strength when the receiver is within the optical
distance of the transmitter:

88 VW ah
/\D2

(1)

E (r-m-s volts per meter) =

where W = effective watts radiated = power in antenna times antenna
power gain over a one-half wave dipole,

a = .he receiving antenna height in meters,

h = .he transmitter antenna height in meters.
D = .he distance in mecters,

A = the wavelength in meters.

This formula is to be used for calculating the field strength for dis-
tances within the horizon only. For distances beyond the horizon,
Beverage used a graphical method of plotting the curve of field
strength versus distance. In this graphical method the field strength
versus distance curve according to equation (1) was plotted for dis-
tances out to the horizon and then the curve was continued for dis-
tances beyond the horizon, but with a slope of 1/D" instead of 1/D%
The exponent “n” was determined empirically and varies with fre-
quency in the manner shown in Figure 1 which is reproduced from
Beverage’s paper.

In place of the graphical construction of. the curve for distances
beyond the horizon, the formula given by (1) may be revised to be
applicable to all distances, whether they be within or outside of the
horizon, as follows:

88 VW ah D,?
—= (2)

E (r-m-s volts per meter) =

ADn

in which the exponent “n” is equal to two for distances within the
horizon and is chosen from the curve of Figure 1 for distances beyond
the horizon. D, is the distance to the horizon in meters and is equal
to 3550 VI + 3550 VVa where a and k are the receiving and transmit-
ting heights in meters. Thus, where D < D,, n =2, and where D > D,,
n is taken from Figure 1.

When the units of the formula given by (2) are converted to feet,
microvolts, miles, and megacyclss, the formula becomes:

0.01052 VW ahf D,»*
E (r-m-s microvolts per meter) = (3)
Dn
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where W = effective watts radiated = power in antenna times antenna
power gain over a one-half wave dipole,

a = receiving antenna height in feet,

h = transmitting antenna height in feet,

D = distance in miles, )

D, = distance to the horizon in miles =1.22 V% + 1.22 Va,
f = frequency in megacycles.

In comparing the calculated curves with the experimental data,
Beverage states that “scattering and absorption, even in open country,
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Fig. 1—Variation of exponent
“n” in propagation formula when
transmission is beyond the horizon.

tend to reduce the average intensity to something in the order of thirty
to sixty per cent of the calculated value.” In the following derivations
an average experimental factor of forty-five per cent will be included to
take into account this absorption and scattering. )

It will be noted that this formula gives the average field intensity
and does not take into account fading. More recent work by MacLean
and Wickizer* shows the range of fading which may be expected for
one set of transmission conditions. Thus, for transmission conditions
reasonably close to the case treated by MacLean and Wickizer, the
signal intensities at the fading minimums may be determined by ap-
plying a correction obtained from Figure 12 of the MacLean and
Wickizer paper which is reproduced herewith as Figure 2. In the
present paper, the formulas will be derived for the case of the average
signal intensity and the fading correction will be applied to the ex-
amples given.
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The peak carrier-noise ratio* obtained at a given distance may be
determined by converting the voltage given by (3) into peak values
(multiply by 1.414) and dividing by the peak noise voltage, N. N is
the noise field strength as determined by means of a field-strength
meter having a pass band characteristic equal to twice the band width
of the audio spectrum which it is desired to receive. The experimental
scattering and absorption factor may be taken into account by multi-
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Fig. 2—Fading range of 50-mega-
cycle transmission, transmitter an-
tenna height = 1300 feet.

plying by 0.45. Thus, the amplitude-modulation peak carrier-noise
ratio, which is approximately equal to the amplitude-modulation peak
signal-noise ratio at the receiver output, for the case of one hundred
per cent modulation, is given by:

* Throughout this paper carrier-noise ratio will refer to the ratio
between the carrier and noise voltages as measured at the output of the
intermediate-frequency channel of the receiver. Signal-noise ratio will refer
to the ratio between the signal and noise voltages at the output terminals
of the receiver. In an amplitude-modulation receiver the signal-noise ratio
is usually substantially equal to the carrier-noise ratio, but in a frequency-
modulation receiver the two quantities may differ greatly.
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0.0067 VW alf D,
C/N = = Sa/Na (4)
N D

where C = peak carrier-field strength,
N = peak noise-field strength as above defined,
S, = peak audio-signal voltage, amplitude-modulation receiver,
N, = peak audio-noise voltage, amplitude-modulation receiver.

FREQUENCY-MODULATION SIGNAL-NOISE RATIO VS. DISTANCE

The author’s previously cited paper? on frequency-modulation noise
characteristics gives the improvement factors effected by a frequency-
modulation system over an amplitude-modulation system. For the case
of fluctuation noise the factor is /3 times the deviation ratio u. (The
deviation ratio, u, is equal to Fy/F, where F, is the peak-frequency
deviation due to modulation and F, is the width of the audio channel
of the system.) This factor holds for equal carriers fed to the two
receivers and for the condition of a peak carrier at least 4 decibels
above the peak noise in the frequency-modulation receiver intermedi-
ate-frequency channel. Thus, the signal-noise ratio at the output of
the frequency-modulation receiver may be found by multiplying the
signal-noise ratio given by (4) by the improvement factor or:

0.0067 VW ahf D2

S//Nf=\/§p. e

0.0116 p VW ahf D, -2
= (fluctuation noise) (5)
N Dn

where S, = peak audio-signal voltage, frequency-modulation receiver,
N, = peak audio-noise voltage, frequency-modulation receiver.

When the received noise is impulse noise the improvement factor
is equal to twice the deviation ratio or 2 u. The corresponding signal-
noise ratio is then:

0.0134 w VW ahf D2
S;/N,= (impulse noise) (6)
N Dr

It will be noted that in deriving the signal-noise ratio formulas of
(6) and (6), the power gain normally effected by frequency modulation
at the transmitter is automatically taken care of by the fact that W
appears in both the amplitude- and frequency-modulation formulas.
In the case of amplitude modulation the value of W used would nor-
mally be less than the corresponding value used in the frequency-
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modulation formulas by a factor equal to the frequency-modulation
power gain at the transmitter.

EFFECT OF THE IMPROVEMENT THRESHOLD

The presence of the phenomena called the “improvement threshold”
places a rather definite maximum service range on a frequency-modu-
lation system. The improvement threshold occurs at the point where
the peak voltages of the noise and carrier in the intermediate-fre-
quency channel of the frequency-modulation receiver are equal. The
experimental work of the author’s previously cited paper? shows that
the full frequency-modulation improvement for fluctuation noise is not
obtained until the carrier is at least four decibels above the improve-
ment threshold or where the carrier-noise ratio is about four deci-
bels. The nature of the improvement threshold is such that the
signal-noise ratio drops rapidly as the carrier falls below the four
decibel carrier-noise ratio. For the case of fluctuation noise, which
is of a continuous nature, the noise smothers the signal in a manner
which has been described in detail before?. Consequently the dis-
tance at which the improvement threshold occurs for fluctuation
noise may be taken as the maximum service range of the frequency-
modulation system. However, for impulse noise of the type which
consists of sharp impulses having a low rate of recurrence, the sit-
uation is somewhat different. It has been pointed out to the author
by V. D. Landon of RCA Manufacturing Company, that for the
condition of no modulation present, if the receiver is carefully tuned
so that the incoming carrier is approximately synchronized with
the oscillation frequency of the impulse, the frequency-modulation
improvement is maintained for impulse noise which is stronger
than the carrier. This effect is shown in the experimentally deter-
mined curve of Figure 3 which also shows the effect of a slight detun-
ing from the point of synchronism. For these curves, the peak carrier-
noise ratio and the peak signal-noise ratios were measured by means
of an oscilloscope coupled to the intermediate-frequency channel output
and the audio output of the receiver, respectively. Curve B was taken
with the receiver carefully tuned to the impulse noise minimum. Curve
A was taken with the carrier detuned about 20 per cent of the maxi-
mum frequency deviation of the receiver used. It will be noted that
the improvement threshold manifests itself sharply when the receiver
is detuned. Hence, for all except the very low passages of modulation
the threshold would be present since application of frequency modula-
tion corresponds to a momentary detuning. However, the reduction
of the noise during the idle periods of the modulation is undoubtedly
very helpful.
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The curves of Figure 3 also show the value of carrier-noise ratio
required to obtain the full frequency-modulation improvement for im-
pulse noise. It can be seen that for all practical purposes it can be
assumed that the full improvement is obtained at a peak carrier-noise
ratio of unity.
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Fig. 3—Measured signal-noise ratio
versus carrier-noise ratio charac-
teristics with impulse noise. Re-
ceiver deviation ratio—2.8.
Curve A =receiver detuned by an
amount equal to 20 per cent of
the maximum frequency deviation.

Curve B =receiver tuned for im-
pulse noise minimum.
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A further characteristic of the effect of impulse noise when it is
stronger than the frequency-modulation carrier is the noise-silencing
action which is present. This produces a sort of a minimum signal-
noise ratio for carrier strengths below the improvement threshold
when the carrier and pulse frequency are not synchronized. It has been
shown? that this minimum signal-noise ratio is equal to the deviation
ratio of the system. Thus, it may be seen that although the signal-noise
ratio will become poorer below the improvement threshold, the signal
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may still be serviceable. On the other hand, if the impulse noise is of
a continuous nature like fluctuation noise, the noise discriminates
against the signal below the improvement threshold and, therefore,
smothers the signal in the same manner that fluctuation noise does.
The formula for the distance at which the improvement threshold
occurs may be obtained by developing a formula for the distance from
the transmitter at which carrier-noise ratios of four and zero decibels
are obtained in the intermediate-frequency channel of the frequency-
modulation receiver for fluctuation and impulse noises respectively.
First—the equation for the carrier-noise ratio in the frequency-modu-
lation intermediate-frequency channel must be determined. This may
be derived from (4) which gives the peak carrier-noise ratio as defined
for an amplitude-modulation system. For a given radiated carrier, the
carrier-noise ratio in the frequency-modulation receiver is less than
that defined by (4) by a factor which depends upon the ratio of the
effective band widths of the two receivers and upon the type of noise.
For the case of fluctuation noise,

1
C,/N,=C/N X (fluctuation noise) 7
(Fy/2F ;)12
where C, = carrier level in i-f amplifier of the frequency-modulation
receiver,
N, =noise level in i-f amplifier of the frequency-modulation
receiver,

F;; = i-f band width of frequency-modulation receiver,
F, = band width of audio spectrum it is desired to receive.

For convenience let Z, = F;;/2F, for fluctuation noise. Substituting
in (7), we obtain:

c, ¢ 1
= — X ~——— (fluctuation noise) (8)

N, N VZ

The equation corresponding to (8) for impulse noise, which varies
directly with the band width instead of as the square-root of the band
width, will be:

C, C 1
= (impulse noise) (9)
N, N Z;

where Z, = F,/2F, for impulse noise.

The factors Z; and Z;, which are the ratios between one-half the
intermediate-frequency channel width and the audio channel width
of the frequency-modulation receiver for the two types of noise, are
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noise-determining ratios and, therefore, must be expressed in terms of
equivalent channel widths. The equivalent channel widths are different
for the two types of noise; hence, a separate factor is used for each
type of noise. For fluctuation noise, the equivalent channel width is
determined by dividing the area under the energy response curve (the
selectivity curve plotted with the ordinates squared) by the height of
the curve at resonance. This gives the width of the rectangular chan-
nel which would be equivalent to the actual round-topped channel. For
impulse noise, the equivalent channel width is determined by dividing
the area under the amplitude response curve by the height of the curve
at resonance.

A further simplification of the ratios, Z, and Z,, may be effected by
expressing them in terms of the deviation ratio, u. Thus,

Z,= K, 1 (fluctuation noise) (10)

Z;= K, i (impulse noise) (11)

where K, = F,/2F, (fluctuation noise) (10a)
and K, = F;/2F,; (impulse noise) (11a)

in which Fy = maximum applied frequency deviation.

The factors K, and K, express the ratio between the equivalent band
widths of the intermediate-frequency channel and the total plus and
minus peak frequency deviation of the frequency-modulation system.
In other words they specify how far out on the intermediate-frequency
selectivity curve the frequency deviation may be carried.

In order to determine the formula for the carrier-noise ratio in
the frequency-modulation intermediate-frequency channel for the case
of fluctuation noise, (4) and (10) may be substituted in (8) which
gives:

C, 0.0067 VW ahf D,
= (fluctuation noise, peak values) (12)

NO ND'l VR,}L

Likewise, for impulse noise (4) and (11) may be substituted in (9)
which gives:

C, 0.0067 VW ahf D,
= (impulse noise, peak values) (13)
NO Ki IJ. D" N

(12) and (13) give the carrier-noise ratio in the intermediate-
frequency channel of the frequency-modulation receiver for the two
types of noise. Since it is known that the improvement threshold
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occurs when these carrier-noise ratios are equal to four and zero
decibels, respectively, the distance at which the improvement threshold
will occur for a given set of transmission conditions may be determined
by equating (12) to 1.585 (four decibels) and (13) to unity (zero
decibels), and solving for the distance. Thus,

( 0.0042 /W ahf D2 1/n
D‘ =

— (fluctuation noise) (14)
N VK
0.0067 VW ahf D2 \1/n
D, = < > (impulse noise) (15)
N Ky

in which D, indicates the distance at which the improvement threshold
occurs.

A study of (14) and (15) shows the effect of a variation of the
transmission conditions. For both types of noise the distance to the
improvement threshold is directly proportional to the 1/2n power of
the watts radiated. Hence, for the higher radiation frequencies, where
the exponent “n” is large, the improvement threshold distance in-
creases more slowly with increase in power. For fluctuation noise,
the improvement threshold distance is inversely proportional to the
1/2n power of the product of the factor K, and the deviation ratio.
Thus, as the deviation ratio is increased, the improvement threshold
distance decreases and decreases at a less rapid rate when it is beyond
the horizon and for the higher radiation frequencies where the ex-
ponent “n” is larger. The importance of making the factor K, as small
as possible, by carrying the frequency deviation out on the selectivity
curve as far as possible, is also indicated. When the noise is impulse
noise (formula 15) the improvement threshold distance is inversely
proportional to the “n”’th root of the product of the factor K; and the
deviation ratio. Consequently, with this type of noise, the improve-
ment threshold distance decreases more rapidly as these factors are
increased. :

The distances given by (14) and (15) may be substituted in (5)
and (6) to find the frequency-modulation signal-noise ratio existing
at the improvement threshold as follows:

S;/N, (at D,) = 1.585 /3 n VK = 2.74 VK, p*? (fluctuation
noise) (16)

S,/N, (at D;) =2 p K; p =2 K; p* (impulse noise) amn
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EFFECT OF PRE-EMPHASIZING THE HIGHER MODULATION FREQUENCIES

As has been pointed out for the case of amplitude modulation?, the
use of pre-emphasis circuit at the transmitter and a de-emphasis cir-
cuit at the receiver produces an overall gain in signal-noise ratio.
This gain depends upon the fact that the higher modulation frequen-
cies of voice and program material are of such a small amplitude that
their accentuation does not increase the peak voltage of the applied
modulating wave as much as the restoring circuit at the receiver
reduces the noise. Thus, when the pre-emphasis circuit is inserted at
the transmitter, the peak voltage of the modulating wave may increase
somewhat so that the modulation level must be lowered, but this loss
at the transmitter is overshadowed by the gain at the receiver. Con-
sequently there are two quantities which must be evaluated—the loss
at the transmitter and the gain at the receiver.

In order to determine the loss introduced by the pre-emphasis cir-
cuit at the transmitter, the following experimental observations were
made: The equivalent of a two-string oscillograph was arranged by
using two electronically switched amplifiers to feed the vertical plates
of an oscilloscope. The outputs of the amplifiers were common, with
one of the separate inputs being fed by program material through a
pre-emphasis circuit. The gain of the two amplifiers was equalized
at a low modulation frequency where the pre-emphasis circuit was not
effective. The two amplifiers were alternately switched on by means
of a 60-cycle square-wave form and the oscilloscope sweep circuit
synchronized with the 60 cycles. The resulting pattern on the oscillo-
scope screen consisted of two segments of sweep one of which was
actuated directly from the program material and the other through
the pre-emphasis circuit. Hence, an accurate method of comparing the
peak voltages of the two waves could be provided by inserting an
attenuator in the pre-emphasized circuit and setting for equal peak
voltages indicated by the two traces on the oscilloscope.

The observations made with the electronic-switch oscillograph cov-
ered all types of program material and were made for two audio-band
widths of 5 and 12 kilocycles. The results of the observations indicated
that in general the insertion of the pre-emphasis circuit increases the
peak voltage of the level about 2.5 decibels for both the 5 and 12-kilo-
cycle band widths. On certain material such as guitar, harmonica, and
piano solos, the level is raised about 4.5 decibels total, but the occasion
of such rises is rather infrequent and their duration very short. Hence,
a permanent attenuation of 2.5 decibels might be inserted and the
volume-limiting equipment relied upon to take care of the occasional
higher peaks.
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The action of the de-emphasis circuit in reducing the noise at the
receiver is somewhat greater for the case of frequency modulation
than it is for amplitude modulation. The reason for this is shown in
Figures 4 and 5 which show the noise spectrums obtained in the output
of the amplitude and frequency-modulation receivers, respectively,
with and without the use of a de-emphasis circuit such as would be
used with a pre-emphasizing circuit in accordance with R.M.A. Tele-
vision Transmission Standard M9-218 at the transmitter. In the case
of amplitude modulation, the normally evenly distributed noise is con-
centrated at the lower modulation frequencies. In the case of frequency
modulation, the triangular noise spectrum is changed to a spectrum
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Fig. 4—Amplitude-modulation audio noise spectrums.
Curve A = no de-emphasis used.

Curve B = de-emphasis in accordance with R.M.A. Tele-
vision Transmission Standard M9-218.

which is practically flat except for the falling off at the lower modula-
tion frequencies.

In determining the relative figures of merit for the noise spectrums
of Figures 4 and 5, or, in other words, the noise gains produced by the
de-emphasis circuit, there are two determinations which are of impor-
tance. The first is the objective comparison which has to do with the
relative strengths of the noise as would be measured on a meter. The
second is the subjective comparison which takes into consideration the
manner of utilizing the signal in the presence of the noise. For pro-
gram or voice reception, the subjective comparison would be deter-
mined by a listening test.

The objective comparison of the noise spectrums of Figures 4 and
5 may be calculated for fluctuation noise by comparing the squared-
ordinates areas of the spectrums. Such a comparison gives the ratio
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of the energies passed by the two spectrums; the root-mean-square
voltage ratio is the square-root of this area ratio. The corresponding
comparison for impulse noise may be calculated by comparing the
areas of the spectrums. The ratio of the areas of the spectrums gives
the peak voltage ratio directly for impulse noise. These areas may be
obtained by integration or they may be plotted and a planimeter used.
The curves of Figure 6 show the results of such a determination by
the use of integration. These curves give the signal-noise ratio gain
effected by the de-emphasis circuit alone. To obtain the overall gain
due to pre-emphasis, the transmitter loss of 2.5 decibels must be sub-
tracted from the values indicated by the curves.
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Fig. 5—Frequency-modulation audio noise spectrums.
Curve A —no de-emphasis used.

Curve B —de-emphasis in accordance with R.M.A. Tele-
vision Transmission Standard M9-218.

In order to obtain the subjective gain effected by the de-emphasis
circuit, listening tests were conducted in which the de-emphasis circuit
was switched in and out and the annoyance effect of different types
of noise compared. Both fluctuation noise and impulse noise were
obtained from amplitude- and frequency-modulation receivers to mix
with program to produce a signal-noise ratio. The de-emphasis circuit
was then switched in and out of the noise while an attenuator was
varied to balance the annoyance effect. Audio band widths of 5 and 12
kilocycles were used. The averaged observations of two observers
indicated the rather unexpected result that for program and music
reception, the subjective effect is practically the same as the objective
effect. That is to say that the objective gains as portrayed by Figure
6 may also be taken as the subjective gains that would be realized in a
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listening test and the overall gain is obtained by subtracting the trans-
mitter loss of 2.5 decibels from the values obtained from Figure 6.

For speech reception, where the noises were balanced for equal
intelligibility, it was found that there was little or no gain effected
by the de-emphasis circuit. For the case of amplitude-modulation
noise, the use of pre-emphasis would apparently entail a slight loss in
intelligibility when the 2.5 decibel transmitter loss was subtracted.
With frequency-modulation noise, an intelligibility gain of a few deci-
bels would be realized.

In connection with the listening tests another interesting observa-
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Fig. 6—Calculated noise gains effected
by the de-emphasis circuit.

Curves F = fluctuation noise.
Curves I = impulse noise.

tion was made regarding the relative annoying effects of the triangular
frequency-modulation noise spectrum and the rectangular amplitude-
modulation noise spectrum using tube hiss as a noise source. In this
test the noises were first balanced with a meter and then they were
mixed with speech and the relative levels readjusted until they im-
paired the intelligibility of the speech the same amount. The averaged
observations of three observers showed that about 8 decibels more
noise could be tolerated with the triangular frequency-modulation noise
than with the rectangular amplitude-modulation noise.
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EXAMPLE

The curves of Figures 7, 8, 9, and 10 have been calculated for the
following assumed transmission conditions for a high-fidelity broad-
cast system:

Transmitting antenna height = 800 feet.

Receiving antenna height =30 feet.
Audio channel = 15 kilocycles.
Frequency = 42 megacycles.

Maximum frequency deviations = 20 and 75 kilocycles.
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Fig. 7—R-M-S signal-noise ratio versus distance. Fluc-
tuation noise = 1 peak microvolt per meter.

Curve I = amplitude modulation, 500 watts radiated.

Curve II =frequency modulation, 1000 watts radiated,
maximum frequency deviation = 20 kilocycles.

Curve III ={frequency modulation, 1000 watts radiated,
maximum frequency deviation = 75 kilocycles.

Powers of one and 100 kilowatts radiated were used for frequency
modulation and these powers were halved for the corresponding ampli-
tude-modulation calculations. This two-to-one power gain effected at
the frequency-modulation transmitter was taken instead of the usual
four-to-one factor since it represents the gain that would be effected by
a frequency-modulation system over the most efficient amplitude-
modulation system which is the high-level type of modulation system.
If the modulator tubes were paralicled with the final amplifier tubes
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in such a system, the increase in power would be two-to-one. The usual
factor of four-to-one assumes the more inefficient types of low-level
modulation.

The values of signal-noise ratio obtained for all of the curves were
corrected by subtracting one-half the maximum fading range as por-
trayed by Figure 2. Formula (4) was used to calculate the average
signal-noise ratio for amplitude modulation and the fading correction
was applied to obtain the minimum signal-noise ratio. It was assumed
that the transmission conditions of the fading correction curve were
near enough to the conditions of this example to allow this direct
correction without interpolation.

Where the propagation curves of the corresponding amplitude-mod-
ulation system were to be determined as well as those of the frequency-
modulation systems, which was the case in this example, the simplest
procedure was to draw the amplitude-modulation curves and then con-
struct the frequency-modulation curves which follow lines parallel to
the amplitude-modulation curve, but at higher signal-noise ratio levels
for distances within the improvement threshold distances. To do this
the average amplitude-modulation signal-noise ratios for fluctuation
noise were calculated from (4). These were corrected for fading and
the pre-emphasis gain of 5.6 decibels was added. For the low-deviation
frequency-modulation system, the fluctuation noise gain is equal to 1.73
times the deviation ratio, p (u=20/15=1.833) or 7.2 decibels. The
use of pre-emphasis adds another 7.4 decibels to the frequency-modu-
lation gain as compared to the amplitude-modulation system with pre-
emphasis since the total gain due to pre-emphasis on the frequency-
modulation system is 13 decibels. The transmitter power gain adds
another 3 decibels. Hence the curve for frequency modulation with a
deviation of 20 kilocycles is 7.2 + 7.4 + 8 =17.6 decibels higher than
the corresponding amplitude-modulation curve for the region within
the threshold of improvement distance of the frequency-modulation
system. The frequency-modulation system with a 75-kilocycle devia-
tion has a larger deviation ratio (u =175/15 = 5) so that its total gain
over the amplitude-modulation system with pre-emphasis is 18.7 + 7.4
+ 3=29.1 decibels.

For the case of impulse noise, the frequency-modulation gains are
equal to twice the deviation ratio and the pre-emphasis gains are also
different. For amplitude modulation, the pre-emphasis gain is 7.5 deci-
bels and for frequency modulation it is 4.5 decibels more or a total of
12 decibels. Hence, the gain of the frequency-modulation system using
a 20-kilocycle deviation is 8.5 + 4.5 + 3 =16 decibels. The correspond-
ing gain for the system using a deviation of 75 kilocycles is 20 + 4.5
+ 3=27.5 decibels.
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In order to determine the signal-noise ratios at the improvement
threshold distances, the gains due to pre-emphasis must be added to
the signal-noise ratios calculated from (16) and (17). The pre-
emphasis gains to be added in this case are the total gains of 13 and
12 decibels for fluctuation and impulse noise respectively. Before
formulas( 16) and (17) can be applied, the factors K, and K; must be
evaluated. These factors are the ratios between the equivalent band
widths of the frequency-modulation receiver intermediate-frequency
channel and the total plus and minus frequency deviation. It is obvi-
ous that, in order to obtain the greatest distance to the improvement
threshold, the equivalent band width must be made as small as the
frequency deviation of the system will allow. The limitations encoun-
tered are the introduction of harmonic distortion and the introduction
of amplitude modulation due to the frequency variation exceeding the
flat-topped portion of the selectivity characteristic. In practice the
limiter tends to take care of this departure from a flat-topped selec-
tivity characteristic. Some rather preliminary measurements have
indicated that the deviation may extend out to about 2.5 decibels down
(down to 75 per cent) on the sides of the selectivity curve without pro-
ducing harmonics which are too high for high-fidelity reception.

A study of typical intermediate-frequency equivalent band widths
has shown that the band width 2.5 decibels down is about 90 per cent
of the equivalent band width for fluctuation noise and about 78 per
cent of that for impulse noise. The factors K, and K, are equal to the
reciprocals of these percentages or 1.1 and 1.3, respectively.

The above evaluations of K, and K; are based on somewhat incom-
plete distortion measurements and assume no guard band to take care
of tuning drift in the case of the frequency-modulation systems. Fur-
ther work is undoubtedly necessary in these respects, but it is believed
that this evaluation will serve the purposes of this paper.

With these evaluations of K, and K;, formulas (16) and (17) sim-
plify to:

S;/N, (at D;) = 2.9 p¥/% (fluctuation) (16a)

S;/N, (at D;) =2.6 n* (impulse) (17a)

Applying (16a) to the system with a deviation of 20 kilocycles and
adding the gain due to pre-emphasis of 13 decibels gives 25.9 decibels
for the peak signal-noise ratio at the improvement threshold distance.
The same calculation for the case of a 75-kilocycle deviation gives 43.2
decibels. For impulse noise (17a) is used and a pre-emphasis gain of
12 decibels is added to give ratios of 25.2 and 48.3 decibels for the two
values of frequency deviation.
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The curves of Figures 7 and 8 for fluctuation noise assume a
thermionic agitation and tube-hiss noise level equivalent to one peak
microvolt per meter (0.224 r-m-s microvolts per meter). This corre-
sponds to an r-m-s noise voltage of 0.52 microvolts in series with a
dummy antenna at the input terminals of the amplitude-modulation
receiver. Such a noise voltage is about that which would be obtained
with good design using an 1852 radio-frequency amplifier tube. All
of the ratios for these curves were converted from peak to r-m-s ratios
to correspond to the general practice in considering this type of noise.
This was done by adding 10 decibels to the ratios. The figure of 10
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Fig. 8 —-Same as Fig. 7, but with amplitude modulation
radiated power = 50 kilowatts, frequency-modulation radi-
ated power = 100 kilowatts.

decibels is obtained from the data of the author’s previous paper®. In
that paper the crest factor of fluctuation noise is evaluated at 13
decibels. Subtracting the 3 decibel crest factor of the signal gives
what might be termed the crest factor of the signal-noise ratio as 10
decibels.

The curves of Figures 9 and 10 for impulse noise assume a noise
field intensity of 100 peak microvolts per meter for an effective band
width of 30 kilocycles (audio band width = 15 kilocycles). This inten-
sity is about that which would be received with horizontal polarization
from the ignition system of the average automobile at a location about
125 feet from the road over which the automobile travels. The curves
for this type of noise have been plotted with peak signal-noise ratios
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since root-mean-square values have little significance due to the very
high and variable crest factor.

At distances beyond the improvement threshold for impulse noise,
the curves are plotted for the condition of full modulation in which
the improvement threshold manifests itself. Under this condition, the
signal-noise ratio is limited to a value which is equal to the deviation
ratio when pre-emphasis is not being used. It will be remembered that
this ratio is what might be termed the “silencing” signal-noise ratio
since the noise tends to punch holes in the signal, but when the noise
pulses have a relatively slow rate of recurrence, this condition is quite
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Fig. 9—Peak signal-noise ratio versus distance. Impulse
noise = 100 peak microvolts per meter.

Curve I = amplitude modulation, 500 watts radiated.

Curve II —=frequency modulation, 1000 watts radiated,
maximum frequency deviation = 20 kilocycles.

Curve III =frequency modulation, 1000 watts radiated,
maximum frequency deviation = 75 kilocycles.

tolerable. On the other hand, if the pulses have a high rate of recur-
rence, the noise tends to smother the signal and service is limited to
the improvement threshold distance as in the case of fluctuation noise.
When pre-emphasis is being used, a gain is added to this limited signal-
noise ratio which is equal to the pre-emphasis gain of 7.5 decibels for
amplitude-modulation noise. The pre-emphasis gain for amplitude
modulation noise is used in this case since the noise in the silencing
condition has lost its triangular spectrum characteristic of the fra-
quency-modulation noise received above the improvement threshold.
Thus, for the system with a 20-kilocycle deviation, the signal-noise
ratio in the silencing condition beyond the improvement threshold dis-
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tance is 2.5 + 7.5-=10 decibels. For the system with a 75-kilocycle
deviation it is 14 + 7.5 = 21.5 decibels.

At distances beyond the improvement threshold for impulse noise
when the modulation is in the idle condition, the signal-noise ratios
are somewhat higher than those shown by the curves due to the syn-
chronization effect pointed out by V. D. Landon. This results in a
considerable reduction of the annoyance effect of the noise. Hence, the
curves may be taken as somewhat pessimistic, but satisfactory for
comparison purposes.
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Fig. 10—Same as Figure 9, but with amplitude-modulation
radiated power = 50 kilowatts, frequency-modulation radi-
ated power = 100 kilowatts.

DISCUSSION

It is apparent from the curves that the maximum distance is
served if the maximum frequency deviation is such that the minimum
tolerable signal-noise ratio exists at the improvement threshold dis-
tance. Hence, the choice of the optimum deviation hinges on the defini-
tion of the minimum tolerable signal-noise ratio. If the figure of 30
decibels root-mean-square for fluctuation noise is taken as acceptable
(this figure has appeared in the literature®? as a commercially satis-
factory signal-noise ratio), it is seen from Figures 7 and 8 that a
maximum deviation of 20 kilocycles is more than adequate for all
distances out to the improvement threshold distance since the lowest
signal-noise ratio, which occurs at the improvement threshold dis-
tance for this type of noise, is 36 decibels. A deviation of less than
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20 kilocycles is probably inadvisable since this would prevent the pos-
sible future transmission of an audio fidelity of zero to 20 kilocycles.

It is seen from Figures 7 and 8 for fluctuation noise that at the
distance corresponding to the improvement threshold for a deviation
of 75 kilocycles, a broadcasting service using a deviation of 20 kilo-
cycles yields a signal-noise ratio of 42 decibels. For the same distance,
a service using a 75-kilocycle deviation yields a signal-noise ratio of
53 decibels. At this point it is apparent that a 20-kilocycle deviation
produces a signal-noise ratio which is comfortably above what would
be considered commercially satisfactory, with an attendant conserva-
tion of band width in the available portion of the frequency spectrum.
However, if it were assumed that a signal-noise ratio of 53 decibels
is necessary, this ratio may be obtained with a deviation of 20 kilo-
cycles at a somewhat shorter distance from the transmitter. For the
conditions of the curves of Figures 7 and 8 this distance would be 20
per cent shorter. On the other hand, a 20-kilocycle deviation is capable
of furnishing what would be considered better than acceptable service
out to a distance which is about 10 per cent greater than the maximum
service range for a 75-kilocycle deviation. ‘

When the noise is impulse noise as portraved by Figures 9 and 10,
it can be seen that the general shape of the curves are similar to those
for fluctuation noise. If the frequency of recurrence happens to be
high so that the noise is continuous, the silencing properties of the
frequency modulation cannot be taken advantage of. Instead, the
noise, if stronger than the carrie , will depress the signal so as to
smother it. For this type of noise a low-deviation service will have a
greater range than a high-deviation service by an amount that is con-
siderably larger than the corresponding case for fluctuation noise.

If the impulse noise happens to be automobile ignition where the
rate of recurrence of the pulses is rather infrequent and the time dura-
tion of the impulses short, the noise-silencing properties of the fre-
quency-modulation system may be taken advantage of when the noise
is stronger than the carrier. With this type of noise, the effectiveness
of the silencing action increases as the deviation is increased. How-
ever, for this type of noise, even a system with a low deviation produces
a noise output which has a rather low annoyance value.

It is apparent that the service obtainable where fluctuation noise
predominates, may be predicted with a fair degree of accuracy. How-
ever, owing to the highly variable character and distribution of impulse
noise, predictions are difficult regarding this type of noise. Hence, it
is felt that it is highly desirable to conduct field tests to further
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compare the results of different deviations under actual service con-
ditions.

CONCLUSIONS

From the above considerations, it seems apparent that if fluctua-
tion noise is the primary limitation, a frequency-modulation broad-
casting system using a deviation of 20 kilocycles will produce a signal-
noise ratio greater than the values normally considered acceptable,
for all distances out to the distance at which the improvement threshold
occurs. If the limitation is impulse noise a similar relationship exists,
but it is felt that further field work is desirable to study the results
under actual service conditions.

The effect of increasing the deviation of the system is to reduce the
distance at which the threshold effect is realized, but at the same time
the signal-noise ratio at distances equal to or less than that distance
is improved.

The interests of band width conservation are, of course, best served
by a choice of the lowest value of deviation that will yield an accept-
able signal-noise ratio out to the threshold distance. It would also
seem that the same choice will yield the desired service at the lowest
cost.

In order to evaluate carefully these effects under a large number
of actual service conditions, a series of field tests are being undertaken,
using receivers designed for optimum performance at each of the
different values of deviation under consideration.
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PRACTICAL APPLICATION OF AN ULTRA-HIGH-
FREQUENCY RADIO-RELAY CIRCUIT*
By

J. ERNEST SMITH, FRED H. KROGER, AND R. W. GEORGE
R.C.A. Communications, Inc., New York, N. Y.

Summary—The utilization of an ultra-high-frequency radio circuit for
the transmission of telegraph, teletype printer, and facsimile signals is de-
scribed. The operating procedure is stressed throughout, particularly with
regard to equipment maintenance tests and the methods employed to deter-
mine the conditions of the circuit such as degree of modulation, signal-to-
noige ratio, etc. Considerations are presented with respect to the most effi-
cient divigion of the total modulation band into the communication channels,
as well as the signal-to-noise ratios required for the different types of
service. It i8 found that fading, static, and weather conditions at these fre-
quenciesg are of little importance as to their effect on the economic use of the
circuit. However, diathermy machines and similar sources of disturbance
are troublesome and their effect must be minimized. Experience during the
past year and a half indicates that the dependability of the ultra-high-fre-
quency radio circuit i3 of a high order.

INTRODUCTION

HILE the theory of ultra-high-frequency propagation has
EE:EE 7been studied for several years, there is little information
available on the economic utilization of these frequencies for
commercial purposes. To obtain such data, the engineers of R.C.A.
Communications, Inc., have designed and installed an experimental
three-link two-way ultra-high-frequency radio relay between New
York and Philadelphia. For the past year and a half this circuit has
been utilized by the traffic department as a regular communication
facility. This paper will describe the circuit equipment and the means
employed to insure dependable operation.

TRANSMITTER

In general, the transmitter construction followed conventional
design. Some features however are unique and worthy of detailed
description. A close-up view of the transmitter is shown in Figure 1.
The rack on the left houses the high-voltage direct-current supply.
The center unit contains the modulator and five test meters. The tank-
like structure at the right houses the resonant line control, master
oscillator, and power amplifier.

* Decimal classification: R480. Presented before I.R.E. New York
Meeting, April 7, 1937.
Reprinted from Proc. I.R.E., November, 1938,
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The five meters together with their proper cables can be plugged
into any of the nineteen jacks visible in the picture. These measure-
ments form a part of the daily transmitter test schedule. Each jack is
marked with its normal reading so that incorrect operation is easily
determined. The racks are built on rollers and may be pulled forward
on special skids thus facilitating test and repair work.

Fig. 1—Front view of an ultra-high-frequency transmitter (installed).

The radio-frequency unit in the tank structure is suspended by
springs to reduce vibration. Holes through the black hood allow adjust-
ment of the radio-frequency circuits by means of tuning rods. The
small tubular projections fitted with caps and chains permit the inser-
tion of the special thermojunction microammeter shown in Figure 2.
This meter, when held against the glass envelope of a vacuum tube,
can be used to predict the life of the tube since experience has shown
that subnormal temperature is a sign of low filament emission. The
upper portion of the radio-frequency unit is painted black since it was
found that the difference in heat radiation properties of black and
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green paint was sufficient to change the original calibration determined
for the test model. The locations of the radio-frequency tubes and
their associated circuits are illustrated in Figure 3.

The master oscillator has a tuned grid circuit consisting of a con-
centric line having a Q in the order of 15,000. A buffer stage was
omitted since it was found that without a buffer stage between the
power amplifier and the master oscillator there is frequency modula-
tion of only 0.005 per cent at 100 per cent modulation. There is also a
frequency shift of the same order when the transmission line is dis-

Fig. 2—Thermojunction microammeter.

Fig. 3—Radio-frequency unit of an
ultra-high-frequency transmitter.

connected or badly matched to the antenna. A set of daily measure-
ments covering a space of two weeks indicated that all transmitters
held to a constant frequency within plus or minus 0.005 per cent.

These transmitters are capable of 200 watts output with a carrier
frequency of 100 megacycles and a 20-kilocycle modulation band. Nor-
mally only half power is used except in extreme conditions of low signal
level such as might occur with heavy ice formation on the transmitting
antenna.

RECEIVERS

The receivers throughout the system are of the superheterodyne
type and utilize loaded-line-section resonators for high-frequency selec-
tivity and oscillator-frequency stabilization. The rear view of a typical
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receiver unit is shown in Figure 4. Some features of the receiver
may be of interest.

The high-frequency converter takes the signal from a balanced con-
centric transmission-line system, through a concentric preselector cir-
cuit and a similar concentric resonant circuit to the grid of an RCA 955
tube detector. A stable concentric resonant circuit controls the 955

I*ig. 4—Rear view of an ultra-high-frequency receiver.

heterodyne oscillator. The first detector output of 30 megacycles is
amplified by two stages using RCA 954 tetrodes, then converted to a
lower intermediate frequency of 5.5 megacycles which is amplified
before final detection.

Unusually flat automatic gain control is employed to maintain the
correct modulation level over the relay circuit. A special resonant
circuit and indicator provides means of tuning a signal to the center of
the intermediate-frequency amplifier band without interfering with the
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receiver operation. The operating conditions of the tubes can be deter-
mined readily by a group of test meters and switches. All tubes are
operated conservatively which materially increases their life.

The power supply is of rugged design and incorporates regulation
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Fig. 5—Schematic diagram of the New York-Philadelphia
ultra-high-frequency relay system.

of the 110-volt alternating-current supply as well as regulation of volt-
age for the high-frequency tubes and gain-control circuits. The receiver
is thoroughly shielded and the construction is such as to permit easy
servicing of all parts which are potential sources of trouble. The audio-
frequency response of the receiver at present is from 100 cycles to 20
kilocycles with a maximum variation of plus or minus three tenths of
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a decibel, and with harmonic distortion less than two per cent for the
required output level.

OVER-ALL CIRCUIT

A schematic diagram of the over-all circuit is shown in Figure 5.
Two intermediate relay points are used to insure dependable operation.
An interior view of one of the relay stations is shown in Figure 6.
The heights of the transmitting and receiving antennas are such that

Fig. 6—Interior view of the relay station at New Brunswick.

the two end relay links are within the optical range and short enough
to lay down a strong signal well above the high noise level of the urban
terminals. The New Brunswick-Arney’s Mount link is just below graz-
ing incidence due to an intervening hill near Arney’s Mount. The entire
circuit is over land thus permitting the use of horizontal polarization.!
All antennas are directive; the pine-tree array of horizontal dipoles as
shown in Figure 7 is generally employed for both transmitting and
receiving although at some points diamond-type receiving antennas are
preferred.

1 Bertram Trevor and P. S. Carter, “Notes on Propagation of Waves
?e&g\év) Ten Meters in Length,” Proc. I.R.E., vol. 21, pp. 387-426; March,
1 .
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The carrier frequencies are staggered according to an allocation
plan described in a previous article.? This arrangement permits a
maximum utilization of the available frequency spectrum and mini-
mizes the probability of overlapping or cross talk between the north-

Fig. 7—The transmitting antennas at New York.

and south-bound circuits or between links of the same circuit. The
Arney’s Mount relay is unattended except for weekly inspections and
its transmitter frequencies are monitored at New Brunswick to comply
with the requirements of the Federal Communications Commission.

This radio circuit has been in operation for approximately 5,000
hours. During that time several circuit failures have occurred. The
total percentage outage time of the circuit together with its cause is
given in the following tabulation.

?H. H., Beverage, “The New York-Philadelphia Ultra-High-Frequeney
Facsimile Relay System,” RCA Rev., vol. 1, pp. 16-31; July, (1936).
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Transmitter tubes .. 0.0067 per cent Receiver equipment. 0.015 per cent

Receiver tubes ..... 0.074 percent Incorrect operating
Transmitter equip- procedure ....... 0.118 per cent
ment ............ 0.018 percent Power failure ...... 0.0018 per cent

It is believed that the experience gained during the past eighteen
months with this circuit will enable the adoption of an improved daily
test schedule which will still further decrease the loss of service time.

DESCRIPTION OF CHANNELS

The division of the 20-kilocycle modulation band into the channels
now in use is shown in Figure 8. The five channels indicated in the
upper left section of the figure are standard band-pass filters having an
effective band width of approximately 100 cycles.® The frequencies
shown correspond to the tone frequencies employed in audio-frequency
carrier-telegraph systems. These values represent the geometric mean
frequencies of the upper and lower cutoffs of the respective filters.
The phase shift of these filters, and, therefore, of the channels is
neither symmetrical nor linear about the mid-band frequencies. The
resulting frequency distortion and phase distortion have been studied
and the results of these studies will be published in the near future.
For these narrow-band channels it has been found more economical to
employ two types of filters, one configuration for the receiving type
and a simpler configuration for the transmitting type. The lesser dis-
crimination of the transmitting filter is permissible since its main
function is to prevent the appearance in the receiving channels of beat
frequencies produced between modulation components of the several
keyed tones.

The remainder of the modulation band from 1200 cycles to 20 kilo-
cycles is more or less flexible for facsimile transmission. Possible divi-
sions of this spectrum will be discussed in subsequent sections. For
the present, this range has been divided into two wide-band channels.
One channel is determined by a 1200-cycle high-pass filter and a 12,500-
cycle low-pass filter. The other channel is determined by a 12,500-cycle
high-pass filter and a 20,000-cycle low-pass filter. These filters have a
discrimination on the order of 60 decibels for frequencies in their
attenuating ranges. The 20-kilocycle low-pass “roofing” filter is pro-
vided to insure a definite upper limit to the modulation band.

In order to prevent undesired frequency distortion, the modulation
band from 300 cycles to 20 kilocycles was designed to have a flat

3 The exact band width may be expressed only for idealized cases. See
K. Kupfmueller, “On Relations Between Frequency Characteristics and
Transients in Linear Systems,” Elec. Nach. Tech., January, (1.928).
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attenuation-versus-frequency response plus or minus one decibel for
the over-all circuit. The over-all characteristic was compensated by
a two-section lattice-type equalizer installed at the incoming terminals
of the north- and south-bound circuits.

CHANNELING CONSIDERATIONS

In multichannel communication systems of this type, the division
of the modulation band is of primary importance. Where both narrow-
and wide-band channels are to be provided, it is more economical from
the standpoint of filter design to place the narrow-band channels at the
low-frequency edge of the available band. This is due to the fact that,
for a particular filter configuration, the steepness of cutoff, i.e., the
discrimination between attenuating and pass-bands, varies inversely as
the cutoff frequency. Simpler and, conssquently, less expensive band-
pass filter configurations can be employed at low frequencies for the
same discrimination. This arrangement has the further advantage of
less frequency wastage between channels.

Wherever phase or frequency compensation is required for a par-
ticular channel, it is generally more economical to design compensating
networks for that channel than to redesign the channel filter to have
improved characteristics. These improved characteristics require spe-
cial filter elements such as very high-Q inductances. High-Q elements
are more susceptible to mechanical shock and to temperature varia-
tions. It is difficult to design inductances with alloy cores having
modulation products below minus fifty decibels. High-quality channels
of very low noise level should therefore utilize air-core inductances and
a more efficient division of the band may be made with these channels
at the higher frequencies where higher values of Q are automatically
obtained.

TONE-LEVEL-SETTING PROCEDURE

In a central control terminal where both land-line and radio facili-
ties transmit the outgoing signals, it is desirable that the characteristic
impedance and required tone levels be identical at the master control
board. This arrangement makes for flexibility since no manual adjust-
ments are required by the operator. Moreover, a simple procedure
should be sufficient to check a particular type of terminal equipment.
Also, in a multichannel setup, the design should be such that maximum
energy will be obtained in an individual channel for a fixed peak value
of combined tone amplitude. For the ultra-high-frequency radio circuit
this peak value should correspond to 100 per cent modulation. Obvi-
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ously, the combined peak value is a function of (a) the number of
tones, (b) their phase relationships, and (c¢) the duration of mark on
each channel.

The terminal equipment for the ultra-high-frequency control is
shown in Figure 9. All of the keyer units, whether they be for tele-
graph, Teletype printer, or facsimile transmission, are adjusted to the
same output level. This level is standard throughout the central office
so that any service may be transmitted over any facility. In order that
this tone level will have its maximum permissible amplitude at the
line (or transmitter) input, the booster-amplifier—master-pad com-
bination is adjusted for the number of channels provided by the filter
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Fig. 9—Schematic diagram to illustrate tone-level procedure.

group. When less than the total number of channels are used the mas-
ter pad may be calibrated against the number of channels. For routine
checking of the terminal equipment the control operator applies a
gingle steady tone from one keyer unit. The booster-amplifier output as
indicated on a rectox-type meter should then read the value specified
for that terminal. By inserting each keyer unit in turn he can check
the complete terminal in a few seconds’ time.

The calibration of the master pad depends upon the maximum peak
amplitude of the combined tone output which in turn depends upon
the three conditions stated above. Neglecting condition (¢) for the
moment, if n tones of equal amplitudes and random-phase relation-
ships were employed, i.e., n nonsynchronized tone sources, they would
all add in phase at some instant thus producing an instantaneous peak
amplitude of n times a single-tone value. The master pad should then
have a loss corresponding to a voltage reduction of 1/n.
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In practice, the in-phase peaks of short duration may be threshold
limited to a certain value depending upon the amount of distortion
permissible in the various channels.

If, however, the phase relationships of the various tones are fixed
as would be obtained for synchronized oscillators or multitone genera-
tors the conditions are quite different. In order to present this analysis
clearly, a practical example is worked out in detail.

Suppose a multitone generator produces twelve frequencies 450,
630, 810, etc., when rotating at 1800 revolutions per minute or 30
revolutions per second. We observe immediately that the armature
windings are in the ratio 15, 21, 27, etc., so that we need to calculate

Time —p

Fig. 10—Resultant of 12 combined tones of a multitone generator.

only the vector sum of the 12 tones for one revolution of the armature.
Figure 10 shows the value of the twelve combined tones during one
revolution on the basis that the tones are arranged to produce zero
amplitude when all are in phase. The ordinates are in multiples of a
single-tone amplitude. We see that the master pad would need to reduce
the combined tones 1/9.5 or 19.6 decibels, whereas for random tone
sources the reduction would be 1/12 or 21.6 decibels. This means the
multitone generator could furnish a 2-decibel greater level in each
channel than would be permissible with random-phase oscillators.

The above analysis was made on the basis that continuous tones
were supplied to all channels. Actually, the channels will be keyed on
and off according to the type of communication transmitted. It is
apparent that the number of combined peak maxima occurring during
an interval of time will decrease as the continuous tones are replaced
with keyed tones.

To obtain an idea of the effect of keying on the peak-signal ampli-
tude, we shall continue the analysis of the 12 tones considered above.
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Let us assume these 12 tones are to be used for 12 telegraph channels
and that they are all keyed at 50 words per minute or its equivalent,
20 cycles per second. An analysis of a typical message indicates the
signal “on” time to be very nearly equal to the signal “off”” time for
the international Morse code. The probability that channel No. 1 will
be “marking’’ at a particular instant is then equal to 3. The probability
that this channel will be marking over a finite interval At is somewhat
less than 3, but for our purpose At will always be of small magnitude
compared to the marking interval.

We may then write
PHi

where P is the probability that one channel will be on mark over the
interval At. The probability that two channels will be marking over the
interval At is (1/2)2. For n channels the probabiilty that they will all
be marking over an interval At is

P, p (H)n

or, in other words, one keying maximum would occur every 2" cycles
of the keying frequency. If, for steady tones, one tone maximum of
duration At occurs in the combined tones every ¢ seconds, the probabil-
ity that the two maxima will occur simultaneously for » keyed tones is

At
t2n

Pk>

or one maximum occurs for every 2"t/At cycles of the keying fre-
quency.

We may then write

27tt, hours

3600At

where,
T = time required for 1 maximum
n = number of telegraph channels
t = time for 1 maximum with n steady tones
t, = time of 1 keying cycle
At = duration of peak maximum.

For our example above, all channels are keyed at 20 cycles per
second and the keying relationships between channels are random. We
have n =12 and{, = 0.05 second. From Figure 10, t =12.5At.
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Substituting
212(12.5) (0.05)

W= = 1.06 hours
3600

we observe that for the example given when all 12 tones are keyed,
a peak maximum occurs on the average of once every hour. It is clear
that partial elimination of these occasional peaks by limiting would
produce very little distortion in the received channels, and, at the same
time, would allow a greater energy level to be transmitted in the indi-
vidual channels. The lowest limiting threshold value that can be per-
mitted depends upon the rate of recurrence of the peak maxima, the
duration of the peak impulse, the frequency spacing of the channels,
and the distortion tolerance of the receiving equipment. It is therefore
best determined by experiment. Moreover, in practice, long marking
intervals will occur on some channels so that the actual peak amplitude
will occur more frequently than is indicated by the idealized example
above. It is clear, however, that higher audio-frequency signal levels or
a greater number of useful channels can be made available for a given
transmitter power by use of the limiting principle.

SIGNAL-TO-NOISE MEASUREMENTS

An important figure of merit of a transmission channel is its signal-
to-noise ratio. A particular type of recording device has a minimum
signal-to-noise value below which failures occur. In designing a chan-
nel for a certain facility it is necessary to compromise between the
band width desired for fidelity of the received signal and that required
to maintain a usable signal-to-noise ratio. Recent studies indicate that
impulse noise varies directly with the band width and fluctuation or
smooth noise varies directly with the square root of the band width.
Preliminary tests showed the audible noise over the ultra-high-fre-
quency circuit to be generally of the fluctuation type except during
occasional intervals of diathermy or motor-ignition interference, at
which time the impulse-type of noise predominated.

In order to obtain quantitative noise data over the radio circuit a
set of measurements was made. Tones were applied at Philadelphia in
various combinations and the outputs of the different channels at
New York were compared for signal levels, cross talk, and noise values.
Some of these results are shown in Tables I and II.
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TABLE 1
SIGNAL-TO-NOISE MEASUREMENT
Channel Output at New York in Decibels
Channel
(cycles, narrow band) (a) No Signal at (b) Single 593-cycle tone
Philadelphia (100 per cent modulation)
425 —39 —43
595 —58 o
763 —60 —42
985 —56 —358
1105 —358 —54
1275 —59 —52
1445 —359 —58
(kilocycles, wide band)
8-17 —35 —33
TABLE 11

OBSERVATION FOR EFFECT OF CRoSS TALK INTO 595-CYCLE CHANNEL
FROM OTHER CHANNELS

Output of
Inserted tones 593-cycle channel

ecibels
425-cycle tone, 14 decibels below 100% modulation, steady mark............ —42
505-cycle tone, 14 decibels below 100% modulation, steady mark............ 0
935-cycle tone, 14 decibels below 100% modulation, steady mark............ —12
8-kilocycle tone, 14 decibels below 100% modulation, steady mark.......... —43
425-cycle 4 935-cycle tone, 14 decibels below 100% modulation, steady mark.. —i2

425-cycle 4 8-kilocycle tone, 14 dccibels below 100% modulation, steady mark —it2
985-cycle - 8-kilocycle tonc, 14 decibels below 160% modulation, steady mark —it3

425-cycle tone keyed by hand.......covviiiiiiiiiiiiniiiiieinneioersonnncaans —41
935-cycle tone keyed with RY's on printer.............coeiveiiieiieieninnns —42
8-kilocycle tone keyed by facsimile.......... ..o iiiiiiiiiiiiiiiiiiiiinn, —12
425-cycle 4 935-cycle tone keyed by hand and printer...................... —40
425-cycle 4+ 8-kilocycle tone keyed by hand and facsimile.................... —141
933-cycle 4 8-kilocycle tone keyed by printer and facsimile................ —i2

It was desired to us2 one channel of the system as a daily indicator
of the noise condition on the circuit. Table I, the second column gives
the noise levels in the narrow- and wide-band channels when no signal
is applied at Philadelphia. Table I, the third column shows the cor-
responding measuremants with a 595-cycle tone modulating the Phila-
delphia transmitter 100 per cent. It is seen that the discrimination of
the adjacent-channel filters is not sufficient to reduce the 595-cycle
signal level below their normal noise levels. This cross-talk value would
be still further increased if the 595-cycle tone were keyed. It is there-
fore apparent that none of the narrow-band channels can serve as a
criterion of the circuit noise. The wide-band channel on the other hand
has an inherent noise level greater than the cross talk from the 595-
cycle tone. Subsequent measurements indicated the wide-band channel
to be satisfactory for this purpose. .

Table II shows the cross talk obtained in the 595-cycle narrow-band
channel for various keyed and steady tones. For these filters it is seen
that keyir_lg produces about one decibel greater cross talk in the adja-
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cent channels than steady tones. The other channels are generally
unaffected due to their greater “frequency distance.”

As stated above, the general noise condition of the ultra-high-
frequency circuit is believed to be determined by smooth-type noise.
To check this we may use the relation that the noise varies as the
square root of the band width. In Table I the wide-band channel is
14 kilocycles and the narrow-band channels are approximately 100
cycles. We should accordingly expect a noise increase in the wide-
band channel of 11.83:1 (21.5 decibels) which agrees closely with the
measured values.

During the occasional intervals when impulse noise predominates,
which occurs when diathermy or motor ignition is picked up at any
of the transmitters, the wide-band channel may be rendered useless for
facsimile communication. The intarference appears as wavy diagonal
lines in the received facsimile copy. This type of interference does not
disturb the normal operation of the narrow-band channels.

Normal atmospherics are of little importance at these frequencies.
The automatic volume control incorporated in the receivers compen-
sates for all signal variations due to weather conditions except for
exceedingly heavy ice formation on the antennas.

The effects of fading may be considered negligible. During a year’s
operation of the circuit, three short fading periods occurred, each of
about two minutes duration. They are known to be in the New Bruns-
wick-Arney’s Mount radio link, and, apparently, have no correlation
with the fading periods of normal short-wave frequencies. One theory
explains this phenomenon as being due to cancellation of the refraction
field by the diffraction field. However, it is not felt that sufficient data
are yet available to furnish a complete explanation.

On the whole, the ultra-high-frequency radio circuit has been found
quite satisfactory for communication purposes and it is expected that
wider applications will demand an increasing utilization of this fre-
quency range.
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U-H-F EQUIPMENT FOR RELAY BROADCASTING

By
W. A. R. BROwN

Assistant Development Engineer, National Broadeasting Company, Inc.

Summary—Several types of portable transmitting and receiving equip-
ment, which have recently been developed to meet the increasing demands
imposed upon operating facilities by the constantly expanding scope of
ultra-high-frequency relay broadcasting are described, and their functions
in relay-broadcast operations outlined in this paper.

gram transmission of some years’ standing which has steadily

increased until it is now an integral part of radio broadcasting.
This interesting and colorful service furnished to the listener is
another step in the expansion of broadcasting brought about by the
desire of the broadcaster to better serve the public.

A number of intermediate and ultra-high frequencies have been
allocated to this service. The ultra-high-frequency allocations in the
30-42 Mc band are particularly suitable for many phases of relay-
broadcast operation because they permit the use of radiating systems
of comparatively high efficiency, but of small physical dimensions.
Readily portable equipment can be used because the efficiencies of
many standard tubes are still high at these frequencies. Propaga-
tion characteristics are also suitable as attenuation is not excessive
and wave interference is not too pronounced.

In relay-broadcast operations the radio link permits the presenta-
tion of programs from points where wire facilities are not available or
their installation is impractical. These program-origination points
may be almost anywhere: aeroplanes, ships, automobiles, golf courses,
airports.

Before this service reached its present stage of efficiency a long
period of experimental development was necessary. Work in this field
up to 1936, and particularly the work at 300 Mc, has been described
previously.! This paper will describe briefly the u-h-f relay-broadcast

RELAY broadcasting is a recent designation for a form of pro-

1 “Micro-waves in NBC Remote Pick-ups,” R. M. Morris, RCA Rev'ew,
July, 1938.

Reprinted from RCA Review, October, 1938.
242

www americanradiohistorv com



www.americanradiohistory.com

Brown: U-H-F Equipment for Rclay Broadcasting 243

equipment which NBC has since developed and is now standard in all
its divisions throughout the country.

Equipment for this service must necessarily be portable, rugged,
efficient, easily operated, and reliable in operation. It must also operate
under a wide variety of conditions.

The present u-h-f equipment consists of five major units: the
25-watt general-utility transmitter, the 2-watt pack transmitter, the
0.2-watt miniature transmitter, the program receiver, and the cue
receiver.

"aaaaa;
OOONOHO

XX

==

i 3 (agel | abowk ap

Fig. 1—Utility transmitter.

The utility transmitter, with 25 watts output, is the highest pow-
ered portable transmitter of our u-h-f relay-broadcast line. Its power
renders it useful for a wide variety of applications, including (a)
mobile transmission from automobiles, trains, aeroplanes; (b) as a
base transmitter at wire-line terminals for cue transmission and com-
munication to program-origination points in the field; (c) as an auto-
matic relay-transmission point when low-power program-origination
transmitters cannot reach the wire-terminal location directly, etc.

The 25 watts power output represents a compromise between tube
efficiencies and the necessity for keeping the equipment, including the
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associated a-c power supply, sufficiently small in size and low in weight
to be readily portable. The transmitter, without the power supply, is
shown in Figure 1. Its size is 19”7 X 1914” X 10%” and its weight is
73 pounds. For operation from 110-volt d-c sources a small auxiliary
motor-generator is employed with the power supply. Storage battery
operation of the transmitter is accomplished by the use of a dyna-
motor. This power-supply unit may also be used to provide power for
the intermediate-frequency relay-broadcast transmitter which is iden-
tical in size and output.

Conventional circuits are utilized in the transmitter. The schematic
diagram is shown in Figure 2. Harmonic V-cut crystals with low-
temperature coefficients are employed to control the transmitter fre-

s
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Fig. 2—Schematic of utility transmitter.

quency and there is provision for switching to any of four crystals.
Plate modulation is employed and 100 per cent modulation may be
obtained with less than 4 per cent harmonic distortion (arithmetical
sum).

The r-f section is contained in the upper half of the assembly and
consists of three stages: a crystal oscillator, a doubler, and a push-pull
power amplifier. The audio-frequency section is contained in the lower
half of the assembly and also consists of three stages: a speech ampli-
fier, a driver, and a push-pull Class AB modulator. About 8 db of
negative feedback is utilized to reduce distortion. The frequency
characteristic is peaked at 8,000 cycles, to improve the signal-to-noise
ratio at the higher audio frequencies, and is down 3 db at 50 cycles.

The antenna-coupling system permits the use of either a grounded
quarter-wave radiator or a remotely located radiator fed by a two-
wire or concentric transmission line.

Both aural and visual monitoring are obtained from the secondary
of the modulation transformer, the former with headphones and the
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latter with a level indicator. Radio headphone monitoring is obtained
from an enclosed crystal detector and pick-up coil. Comprehensive
metering facilities are provided, for plate currents of all tubes,
grid currents of all r-f tubes, modulator-bias voltage, and filament
voltage. Some of these are indicated directly and others by a universal
meter and selector switch. Careful consideration was given in the

Fig. 3—Pack transmitter.

design to accessibility of parts to facilitate repairs if necessary while
in the field.

The 2-watt pack transmitter, shown in Figure 3, is a highly
portable, medium-powered, self-contained unit designed primarily to
provide relay-broadcast transmission facilities while carried as a pack.
It is normally carried in a leather case securely strapped to the
announcer’s back and the only piece of external equipment is the
microphone, which is carried by hand. Thus the announcer is free
to move around wherever necessary. With an output power of 2 watts
it is used chiefly for transmission over distances of a few hundred
yards to a mile, as for example, from locations on a golf course to the
line terminal in the club house. Under more favorable conditions, the
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range is considerably greater. For instance, when receiving on top
of the RCA Building in New York City, at an elevation of 850 feet,
this transmitter is frequently employed for program transmission
from vessels in the harbor, some four or five miles distant. Under
highly favorable transmission conditions, such as from aeroplanes,
program transmission ranges of fifteen miles or more are obtained.
It is also employed sometimes as a cue transmitter when the relay-
broadcast circuits are short.

The design of this pack transmitter is based upon several years
experience in this phase of broadcasting. Although the basic circuit
is conventional, several features have been incorporated which con-
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Fig. 4 —Schematic of pack transmitter.

tribute to high efficiency and utility and render the unit rather out-
standing in its field. A schematic diagram is shown in Figure 4. The
power output of 2 watts represents, of course, the inevitable compro-
mise between size, weight, tube capabilities, power supply, etc. The
total weight, including the self-contained power supply, is 33 pounds
and the dimensions of the transmitter are 17%"” high, 125;” wide,
and 4%” deep. Figure 3 shows the three sections into which the unit
is divided mechanically. The upper section contains the r-f equip-
ment, the middle section the a-f equipment, and the lower section the
power supply. Any or all of these sections may be readily removed
from the chassis. This greatly facilitates maintenance.

For obvious reasons the transmitter is crystal controlled. Plate
modulation is employed and 100 per cent modulation is obtained with
low harmonic distortion using negative feed-back. One of the dis-
tinctive features of this transmitter is automatic audio-gain control.
This is a very valuable operating feature as it reduces the extreme
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vocal dynamic ranges which frequently occur in this type of broadcast-
ing and assures high modulation levels without over or under modula-
tion for all except extremely abnormal voice levels.

The r-f section consists of two stages: a crystal-controlled electron-
coupled oscillator-doubler and a push-pull power amplifier. To obtain
2 watts output it is necessary to operate all tubes somewhat above
normal filament potentials. Tube life is shortened under these condi-
tions and tubes are discarded after 50 hours operation to provide a
wide margin of safety.

The a-f section contains four stages: a two-stage speech amplifier,
a driver, and a modulator. These possess sufficient gain, after utilizing
degeneration, to permit full modulation with an RCA 50-A inductor
microphone. Correct polarization of the audio circuits to obtain maxi-
mum undistorted power is another operating feature which contributes
to the efficiency of this transmitter. By taking advantage of the
phenomenon that the peak amplitudes of most voice waves are highest
in one direction, it is possible to secure greater than 100 per cent
modulation upward while not exceeding 100 per cent downward.
Automatic audio-gain control is obtained by feeding a portion of the
rectified-driver output to the input of the speech amplifier through a
resistor-condenser combination of suitable delay characteristics. The
frequency characteristic is purposely peaked about 3 db from 5,000 to
10,000 cycles and is down 3 db at 60 cycles. This departure from a
flat characteristic is an attempt to compensate for difficulties encoun-
tered in operation. Our experience has indicated that general crowd
noise and wind noise is often most pronounced at frequencies below
80 cycles while the hiss type interference experienced at the receiving
point from ignition and diathermy frequently appears most pronounced
at the higher audio frequencies.

The antenna construction and installation is particularly con-
venient for operation. It is a continuously-adjustable four-section
semi-flexible telescopic assembly which is an integral part of the
transmitter and telescopes into the case when not in use. The system
is designed to operate as close to resonance as is necessary to obtain
correct loading of the power amplifier.

Two meters are contained in the transmitter assembly. One indi-
cates antenna current and the other, by selective switching, indicates
filament and plate voltages, oscillator, power-amplifier, and modulator-
plate currents, and power-amplifier grid current.

Standard dry batteries are employed for the power supply which
has sufficient capacity for nine hours continuous operation. To obtain
this length of service a reserve 45-volt battery is included in the power
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supply and is switched into service after about six hours transmission.
This is an operating convenience which permits considerable test
transmission to be conducted prior to a broadcast and still allows a
comfortable margin of available power for a lengthy period of pro-
gram operation. For continuous operation at a fixed location, as for
cue-channel transmission, provision has been made for plugging in
an external heavy-duty battery supply.

The miniature transmitter, shown in Figure 5, is the smallest and
most recent of our u-h-f transmitters. It is a small, entirely self-
contained, extremely portable, low-powered transmitter for short-

Fig. 5—Miniature transmitter.

range transmission. Although its small size is productive of consid-
erable novelty appeal the unit was actually developed to fill a definite
operating need and has already introduced a new technique in program
presentation. It is particularly useful for program origination in
crowded areas, or on locations where the size of the equipment must
be kept to an absolute minimum or where transmission distances are
short. One of its most distinguishing features, and one which at times
is a valuable operating convenience, is that it can be readily passed
from hand to hand. The working range is dependent upon propaga-
tion conditions and the signal-to-noise ratio at the receiver and may
vary from a few hundred feet to half a mile.

The transmitter, with built-in microphone and power supply, is
housed in an aluminum case 10” X 4%” X 534” and weighs 7% pounds.
Despite its small size an output of 0.2 watt is obtained. Crystal control
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assures frequency stability and automatic audio-gain control main-
tains proper modulation levels.

The circuits employed are quite conventional and the efficiency of
the unit is the result of good detail design. A schematic is shown in
Figure 6. The r-f section consists of a crystal oscillator-doubler stage
and a power amplifier while the audio-frequency section consists of a
single-stage speech amplifier and a modulator. Heising modulation is
employed and modulation values of approximately 90 per cent are
obtained by the expedient of dropping the power-amplifier plate voltage.

Automatic audio-gain control is particularly effective in the main-
tenance of proper modulation levels under the conditions frequently
encountered in operation of this transmitter. With 12-db peak gain
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Fig. 6—Schematic of miniature transmitter.

reduction it effectively eliminates overloading of the transmitter
except on very pronounced peaks.

A crystal microphone is employed in the interest of weight reduc-
tion and is concealed behind a metal grille on the front of the unit.
The overall audio-frequency characteristic of the transmitter drops off
rapidly above 5500 cycles and is therefore not as good as the larger
transmitters. It is quite adequate, however, for voice transmission
which is the only type normally employed with this unit.

The antenna is fed through an insulator in the top of the housing.
It consists of a short dural rod with a spring coil at the lower end
which provides the necessary mechanical flexibility for the antenna
and also some electrical loading.

The power supply is a special battery block in which is combined
the filament, plate, and bias supplies. This is sufficient for nine hours
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continuous operation and is so designed that the A and B capacities
are exhausted practically simultaneously.

Jacks and an external meter permit determination of oscillator,
power-amplifier, and modulator-plate currents. Tuning is also accom-
plished externally by the use of a wand which is inserted in small
openings in the housing to vary the tuning condensers.

The program receiver shown in Figure 7 is a portable, high-quality,
superheterodyne receiver designed primarily for reception of crystal-
controlled relay-broadcast transmitters. This type of receiver possesses
a number of advantages over the super-regenerative receivers previ-
ously used for this service, one of the most important being the

Fig. 7—Program receiver.

absence of re-radiation. The receiver dimensions are 19147 X 934" X
812", and its weight, exclusive of the external battery-power supply,
is 26 pounds.

Conventional superheterodyne circuits, with ave, are employed,
as follows: one stage r-f amplifier, first detector, oscillator, two-stage
i-f amplifier, and second detector-audio amplifier. Figure 8 shows the
schematic diagram. The oscillator operates 5.9 Mc above the signal
frequency. This choice of intermediate frequency was a matter of
design convenience to obtain the desired band-width characteristic.

The design and operating characteristics of the recejver were based
largely upon the conditions under which the unit would operate in the
field. At that time there were still some self-excited transmitters in
use and provision was therefore made for variation of the i-f amplifier
band width, up to a maximum of 100 ke, by the inclusion of variable
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coupling in each i-f transformer. With a 60-kc band pass the selec-
tivity is sufficient to reduce an undesired signal 75 kc off resonance
by approximately 44 db. The selectivity can be improved considerably
when necessary. Image response under above conditions is minus 72 db.

High gain is not essential in this receiver since in normal broadcast
operation it would feed into a field-program amplifier with 100 db gain.
There is sufficient amplification, however, to give a plus 4-db level at
the receiver output with 100 microvolts signal input. With this gain
the audio characteristic is practically flat from 30 to 10,000 cycles.
It may be of interest to note that a voltage gain of 15 is obtained in
the r-f amplifier stage with an RCA acorn tube.

8,1

Fig. 8—Schematic of program receiver.

e

A half-wave antenna is usually employed for reception and the
input circuit is designed to operate from a low-impedance two-wire
transmission line. Although the minimum useful signal input is about
10 microvolts, in the absence of external noise, the utility of the
receiver is dependent upon the signal-to-noise ratio and for satisfactory
program use a ratio of about 25 db or more is desirable. Receiving
conditions on the roof of the RCA Building in New York City may be
cited as a typical example. Here, when the noise input averages about
30 microvolts, signal inputs of about 600 microvolts are considered
satisfactory for program use. This corresponds to a signal-to-noise
ratio of 26 db.

There are three tuning controls: r-f amplifier, detector, and oscil-
lator. Separate controls eliminate any possible difficulties of gang
tuning and simplified design. No operating difficulties are introduced
since relay-broadcast frequencies are limited in number and the tuning
dials are marked for these frequencies. However, a complete oscillator-
dial calibration is provided to assist in tuning other frequencies, if
necessary.
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A very valuable operating feature is a tuping meter which indi-
cates the i-f amplifier plate current and is calibrated against signal
input. This permits easy determination of relative signal strengths
at various locations, good and poor transmission areas and also signal-
to-noise ratios.

Headphone monitoring facilities are provided and a fixed 20-db pad
is incorporated in the receiver for matching impedances when feeding
a field amplifier.

Fig. 9—Cue receiver.

The cue receiver shown in Figure 9 is a small, light-weight, entirely
self-contained superheterodyne receiver designed primarily for the
reception of cues and instructions at relay-broadcast program-origina-
tion points. Under these conditions extreme portability and a high
degree of sensitivity are frequently essential, but the quality need not
be more than sufficient for good speech intelligibility. When used in
conjunction with the pack transmitter the engineer who accompanies
the announcer carries the receiver in a leather case slung across the
chest. All controls are within easy reach and it can be carried for
hours without discomfort. The total weight of the complete unit and
carrying case is only 138 pounds and its size is but 934" X 434" X 1014".
The power supply is the same battery block that is used in the minia-
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ture transmitter and will provide eight hours continuous service.
Battery replacement is convenient and rapid.

Conventional superheterodyne circuits, with ave, but no pre-
selection, are.employed in the following circuit arrangement: first
detector, oscillator, two-stage i-f amplifier, second detector-audio
amplifier. The schematic is shown in Figure 10. The elimination of
an r-f amplifier stage was dictated by the necessity for a minimum of
weight, although it introduced certain disadvantages.

One interesting design feature is the use of a triode tube in
parallel with the triode section of a pentagrid converter to increase
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Fig. 10—Schematic of cue receiver.

the mutual conductance of the latter and thereby improve its oscilla-
tion performance at the ultra-high frequencies. The oscillator operates
4.1 Mc below the signal frequency. Transformers with adjustable iron
cores to facilitate circuit alignment are employed in the i-f amplifier.
Although the selectivity is limited somewhat by lack of pre-selection
it is sufficient for relay-broadcast operation. A signal 75 ke off
resonance is down 23 db. Image response is approximately minus 35 db.
The antenna is of the telescoping, flexible, whip type, similar to that
used in the pack transmitter. It is an integral part of the unit and
telescopes into the receiver when not in use.

Many of the operating features are similar to those of the program
receiver and for the same reasons. Two tuning dials are employed:
first detector and oscillator. Dial settings for the usual relay-broadcast
frequencies and oscillator-dial calibration for spotting other frequen-
cies render operation simple. A tuning meter for indicating relative
signal intensities has also been incorporated in this receiver and
operates in the same manner as in the program receiver.

The output transformer is specifically designed to work into high-
impedance headphones and therefore this receiver is not suitable for
feeding an amplifier or line. A manually operated gain control is
also provided to keep the phone levels below values where acoustical
feed-back to the associated pack transmitter may occur.
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At these operating frequencies there are several advantages in
favor of horizontally polarized transmission, such as somewhat lower
noise levels, and higher average signal strengths. However, in many
phases of relay-broadcast operation these advantages cannot be real-
ized because physical limitations permit only vertical transmission.
This is particularly true with the pack and miniature transmitters.

With the low power of these transmitters the operating personnel
must therefore exercise a high degree of engineering ability to cope
successfully with the problems which the varied conditions of opera-
tion produce.

Considerable attention has been given to the use of standardized
directive receiving antennas, but the problem is not easy of solution
because of the widely different conditions which exist at most receiving
locations.
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WIDE-BAND VARIABLE-FREQUENCY TESTING
TRANSMITTERS

By

G. L. UsSseLMAN
Engineering Department, R.C.A. Communications, Inc.

Summary—A wide-band variable-frequency transmitter, designed pri-
marily for testing purposes i8 described. The transmitter consists of a
single-tube oscillator stage with a high degree of frequency control. Two
models have been built which operate in the frequency range of 40 to 100
megacycles, with 500 to 1000 watts output. Mcans are also provided for
telegraphically keying the transmitters. This type of transmitter supplies
a need for a source of high-frequency power which is continuously variable
over a wide range of frequency, but which will accurately maintain any
frequency to which it is adjusted.

INTRODUCTION

more information on the propagation characteristics and multi-

path phenomena of radiated electric waves over wide-frequency
bands in order that we might attack more intelligently the problem of
television transmission. As a part of the program to supply this infor-
mation the Transmitter Research and Development Laboratory at
Rocky Point, Long Island constructed and installed in the top of the
Empire State Building one each of two new types of variable frequency
transmitters including their antennas. These transmitters were used
for survey tests in collaboration with the Receiver Research and Devel-
opment Laboratory at Riverhead, Long Island.! The transmitters have
rather accurate frequency control and are designed to operate at
approximately 150 and 90 megacycles with a power output of 500 to
1000 watts. Comparatively large power output was required in order
to simplify and to increase the reliability and accuracy of the field
measurements.

It might also be stated that in the past the testing of any apparatus
such as antennas, to obtain characteristic data at different frequencies,
required the construction of a number of models, or the adjustment of
a more or less fixed-frequency test transmitter in several steps of fre-
quency. These methods are both slow and expensive. Consequently, for
a long time we have felt the need of means to reduce the time and
expense necessary for taking these measurements by making available
sources of high-frequency power which are continuously variable over

DURING the early part of the year 1937 the need was felt for

Reprinted from RCA Review, April, 1939.
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a wide range of frequency, but which will accurately maintain any
frequency to which they are adjusted. This need has been supplied to
a great extent in our case by one of these new types of variable-fre-
quency transmitters.
DESCRIPTION

Because of its simplicity of design, accuracy of frequency control,
and because it fills a general need for testing purposes it is thought
that a description of the 90-Mc survey transmitter would be of general
interest.

ANTENNA ——
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Jﬁ _______ . T ')%
TRANSMITTER —~ ] i i
v
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o, 220
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Fig. 1.—Schematic diagram of the variable frequency transmitter.

The transmitter consists of a single-tube oscillator stage with a
high degree of frequency control. The principle by which this type of
transmitter operates may best be understood by referring to Figure 1.
The transmitter is a “grounded anode” type of oscillator in which the
radio-frequency voltage of the oscillator tube grid is in phase with that
of the filament, but the grid is driven to a greater amplitude. The
oscillator driving power is applied through the tube filament. The
only oscillating tank, or fly-wheel, circuit in the transmitter consists
of a quarter-wave section of two concentric tube conductors which act
as a frequency-control line. This line is constructed of copper tubing.
One end of the two concentric conductors is shorted together and sup-
ported by a heavy copper disk. The grid and filament of the transmitter
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tube are coupled to the high-current, or short circuited, end of the
frequency-control line through loop conductors which are located near
the inner concentric conductor. The outer ends of these loops are
grounded for radio-frequency currents to the outer concentric con-
ductor through by-pass condensers before being connected to their
respective power sources. In general the length of the frequency-con-
trol line determines the operating frequency. The outer line conductor

W

- t.'p.,.- gt e

Fig. 2.—Front view of variable frequency transmitters.

is made considerably longer than the inner conductor to reduce influ-
ence of end effect when the frequency is varied through the band and
to make the wave length correspond closely to the physical length of
the inner conductor. It is also to be noted that the inner conductor
is generally slightly shorter than a quarter-wave length due to its end
capacity. In this case the line lengths are 93 to 96 per cent of quarter-
wave length depending upon the transmitter frequency. The end
capacity is a larger percentage factor affecting the line length, at the
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higher frequencies. The ratio of diameters of outer to inner conductor
was made 3.6 because this results in optimum power factor for the line
as an oscillating circuit.? Also, since the power factor is inversely pro-
portional to the diameters of the conductors, relatively large diameters
were used. The outer conductor is 16 inches diameter, which was the
largest size seamless copper tubing readily obtainable. There have
been published a number of papers pertaining to line control for trans-
mitters and line calculations, to which the reader is referred for detail
information.? ’

A general idea of the appearance of the survey transmitter may be
obtained by referring to the left-hand unit in Figure 2. The right-
hand unit in Figure 2 is a second transmitter of this general type
which was built later. This illustration shows the transmitter fre-
quency-control line mounted with rubber shock absorbers on the top
of the main plate rectifier. On the front panel of the rectifier are
mounted the meters, relays and various controls, while in front of the
frequency-control line are mounted the frequency-sweep motor and
cam arrangement. The shorted end of the line faces the reader. The
transmitter oscillator tube is an air-cooled 846 which is mounted on
the under side of the frequency-control line just behind the rectifier
panel. The glass envelope of the tube projects up through a large
opening in the outer concentric conductor of the frequency control line.
The grid and filament of the tube are inductively coupled to the inner
conductor of the line by means of loop-shaped conductors. In order to
secure proper oscillations the grid loop must be more closely coupled
to the frequency-control line than the filament is coupled. The amount
of coupling required was determined by experiment. These loops are
assembled together in a compact unit, and the outer ends of the loops
are by-passed for radio-frequency currents to the outer concentric
conductor of the frequency-control line with specially constructed mica
condensers. The coupling loops also serve as grid and filament power
leads. The anode of the 846 tube is fitted by means of a taper socket
into a cylindrical shaped unit having a large number of air-cooling fins.
This cooling unit is constructed entirely of copper for maximum heat-
conducting efficiency. The clamp which supports the anode cooling unit,
together with a sheet of dielectric material, fits against the outer con-
centric conductor of the frequency-control line in such a way as to form
the anode radio-frequency by-pass condenser to ground. Means are
provided for unclamping and lowering the entire tube mounting
assembly consisting of the anode cooling unit, the tube, the coupling
loops and the by-pass condensers. These parts can then be inspected
and the tube can be changed through a door in the transmitter shield-
ing. The other end of the frequency-control line contains a ventilating
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fan, mounted on rubber shock absorbers, for cooling the tube anode.
This end of the line is also fitted with a screen cover to protect the
fan and for electrical shielding. An air-flow interlock is mounted under
the anode cooling fins to trip off the anode power supply should the
air flow become insufficient.

A large portion of the inner conductor of the frequency-control
line, at the open-circuit end, is constructed of copper and silver-plated
metal bellows. A metal rod extends from the end bellows back through
the inner conductor to a cam arrangement. This provides the means
for expanding or contracting the bellows which changes the length of
the inner conductor, thereby lowering or raising the transmitter fre-
quency in response to the shape of the cam. For the survey tests,
this transmitter was designed with a cam arrangement to give it a
linear frequency sweep between 81 and 86 megacycles at either one
or six sweep cycles per minute as desired.

The transmitter control circuits are designed for switching to
either remote or local control for stopping, starting, and telegraph key-
ing the transmitter. Keying of the transmitter is accomplished by
applying a high negative grid bias to the oscillator tube from a small
rectifier provided for the purpose. The normal working grid bias is
obtained by passing the d-c grid current through a resistor. All access
doors for tube replacement, etc., are equipped with interlocks to remove
dangerous voltages should a door be opened with the power on. The
main rectifier, which uses six 872A tubes in a three-phase full-wave
circuit, is provided with a hand-operated tap switch for the plate trans-
formers. This enables the rectifier to supply d-c anode current to the
846 transmitter tube in several steps of potential ranging from 2700
to 7700 volts. Two filament rheostats and a voltmeter are provided for
proper adjustment of filament heating power. Time delay relays pro-
tect the filaments against improper starting. An a-c overload relay and
status lights are provided for the main rectifier. An over-current relay,
an ammeter and a voltmeter are provided in the anode circuit of the
transmitter tube while a milliammeter is provided in the grid circuit.
The whole transmitter unit is well shielded.

The transmitter output leads are located at the top and front of
the unit where an insulated loop conductor extends down into the con-
centric frequency-control line. This loop can be moved up or down to
adjust its distance from the inner conductor of the line for load
coupling variation. A sliding ground connection is provided on the
coupling loop for balancing the output voltages.

Figure 3 shows the antenna which was used with this transmitter
at the top of the Empire State Building. The antenna was one of the
folded dipole type. Handles were provided by means of which the
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antenna could be turned to a vertical or horizontal position in order
to change its polarity during the survey tests.

The right-hand unit in Figure 2 illustrates the second variable
frequency transmitter which has been built of this particular type.
This transmitter was built primarily for laboratory use. Although it
does not have as many refinements as the first transmitter, it has cer-
tain other advantages. This transmitter is not equipped with a plate
power rectifier and the control circuits are not so elaborate, the trans-
mitter control being entirely local. However, the outer conductor of

——— - R - o =

Fig. 3.—Folded dipole type of antenna.

the frequency-control line is longer which gives the transmitter a
greater possible frequency range and the metal bellows section of the
inner conductor is longer, which provides a greater range of continu-
ous frequency adjustment. Instead of the cam arrangement, the second
transmitter is provided with a hand-operated crank with a vernier
scale, which turns a threaded rod for changing the length of the inner
conductor of the frequency-control line. This permits very accurate
frequency adjustment. There are also other improvements in the
second transmitter such as larger radio-frequency by-pass condensers
for the grid and filament coupling loops and the greater accessibility
of the transmitter tubes by the easy removal of the upper section of
the front panel. These various features of the second transmitter make
it particularly useful for general laboratory work.
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PERFORMANCE

The power output from each of these transmitters is 500 to 1000
watts depending upon the frequency and the transmitter adjustments.
The transmitter plate efficiency varies from 40 to 50 per cent. This
also depends upon the frequency and the transmitter adjustments. The
first transmitter has a maximum variable frequency range of 8 per
cent at about 85 megacycles. The second transmitter has a maximum
frequency operating range of 40 to 100 megacycles by substituting dif-
ferent lengths of inner concentric line conductor. The continuously
variable frequency range of the second transmitter is 7 per cent at
40 megacycles and 12 per cent at 100 megacycles. The frequency of
these transmitters may be quickly and easily set to any value in the
adjustable range with less than one-tenth of one per cent error from
the calibrated value. For optimum results, the size of the grid- and
filament-coupling loops should be changed for any considerable change
in the length of inner conductor of the frequency-control line. In gen-
eral, larger loops for coupling to the frequency-ccntrol line are required
for the grid and filament of the transmitter tube at the lower fre-
quencies. With proper design these transmitters are not troubled with
parasitic oscillations. However, if the coupling loops have too much
inductance and are too loosely coupled to the frequency-control line,
parasitic oscillations may occur. These parasitic oscillations have been
known to occur at a frequency which caused the frequency-control line
to oscillate on a harmonic as well as the fundamental frequency. The
remedy for this parasitic trouble is to use a coupling loop assembly
having lower self-inductance and to couple it more closely to the fre-
quency-control line.
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FIELD STRENGTH MEASURING EQUIPMENT FOR
WIDE-BAND U-H-F TRANSMISSION

By
R. W. GEORGE

R.C.A. Communications. Inc., Riverhead, N. Y.

Summary—Mainly in the interest of television service, some quantitative
data were required on the characteristics of ultra-high-frequency propaga-
tion paths. Portable measuring equipment and methods devised to obtain
these data are described.

Transmitter systems giving constant output over the ranges of 81 to 86
Mec and 140 to 145 Mc were used, the frequency of each transmitter varied
at the rate of 166 k¢ per second from ome extreme of its range to the other.
Field strength was measured at each 70-kc increment of the frequency range,
a measurement being recorded automatically as the signal frequency passed
through the receiver pass-band. The circuits were arranged to hold the
recorder indication until changed by the following measurement. About 70
measurements were recorded in one-half minute by means of a novel auto-
matic tuning arrangement.

The signal generator and calibration methods used are also described.

of studying the characteristics of propagation paths, especially

where the difference between direct and indirect path lengths
is relatively small. It is the object of this paper to describe some equip-
ment with which such measurements were made during a recent study
of ultra-high-frequency transmissions from the Empire State Build-
ing.! In general, the problem was resolved to one of measuring and
recording received field strength as the transmitter frequency varied

FIELD strength versus frequency measurements afford a means

at a constant rate of change over a 5-megacycle range. Measurements .

over this frequency range are sufficient to indicate the existence, and
some important characteristics, of indirect paths which have time
delays long enough to cause distortion in television reception.

In the past, one method of making such measurements has been
to adjust manually the transmitter and receiver frequency step by
step for each measurement to be made.? This method is obviously
slow and requires perfect coordination between the transmitter and

1¢A study of U-H-F Wide-Band Propagation Characteristics” by R. W.
George, Proc. 1. R. E., Vol. 27, January, 1939. (See Page 90).

2 P. S. Carter and G. S. Wickizer, “Ultra-High-Frequency Transmission
Between the RCA Building and the Empire State Building in New York
City”, Proc. I.R.E., Vol. 24, August, 1936.
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receiver operators. For the purpose of making a rather extensive
survey, it was considered desirable to speed up the operation to permit
a greater number of measurements to be taken, and to record auto-
matically the measurements in a form readily utilized.

One relatively simple measuring system to accomplish this result
might consist of a wide-band receiver associated with a suitable
recorder. Such a receiver, having constant response over a 5-megacycle
range has the disadvantage that its inherently high noise equivalent
would not permit satisfactory recording of weak signals. Otherwise,
this method would be very convenient as no tuning of the receiver
to the changing transmitter frequency would be necessary. The
measuring equipment to be described was used to record a large
number of measurements over the frequency range with a result
similar to that which would be had if continuous measurements with
frequency were made. It also embodied a conventional type of
receiver which permitted measurements at low field intensities. By
making the transmitting and receiving equipment conform to the
following conditions, the recorded data required no corrections in
order to determine the field strength at a given frequency.

The transmitting systems were so designed that the radiated power
was constant as the frequency varied from 81 to 86 megacycles or
140 to 145 megacycles®. The transmitted frequency varied at the rate
of 166-ke change per second and required one-half minute to go from
one extreme of the frequency range to the other. By the use of half-
wave doublet receiving antennas having substantially constant response
over the desired 5-megacycle range, connected to a 75- or 100-ohm
transmission line terminated with resistance at the receiver, constant
voltage was delivered to the receiver for constant field strength at
the antenna.

An ultra-high-frequency, triple-detection receiver having a 100-
kilocycle i-f pass-band was adapted by ganging the ultra-high-frequency
detector and heterodyne-oscillator controls and adjusting the circuits
to extend the 5-megacycle signal range over the major portion of
the control dial. The response of the receiver was adjusted to be
constant over the required tuning range. It was not considered feasible
to incorporate conventional automatic-frequency control of the ultra-
high-frequency circuits because of the required flexibiiity of the
measuring system. An automatic step-by-step frequency control,
coordinated with the measuring system, was used which will be under-
stood more clearly after the following description of the functions of
this system.

3G. L. Usselman, “Wide-Band Variable-Frequency Testing Trans-
mitters,” RCA Review, April, 1939. (See Page 255).
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The most suitable time to make a measurement would be when
the signal, changing in frequency, was at the mid-band of the inter-
mediate-frequency amplifier. Thus, the signal is in the receiver about
three-tenths of a second before it reaches the middle of the pass-band
which gives the diode time to reach an output corresponding to the
input signal. The operation of the measuring functions is indicated
in Figure 1. An audio tone which was utilized to cause a measurement
to be made, was obtained by combining, in a separate detector, the
intermediate-signal frequency and a beat oscillator tuned to the mid-
band frequency of the second intermediate-frequency amplifier. This
tone, fed through an audio amplifier and associated rectifier, caused
the relay R, to connect the diode to the grid of the first d-c amplifier
tube for the duration of the tone which was about 0.12 second. The
small condenser C, was charged to the corresponding diode voltage
and maintained this voltage on the grid of the first d-c amplifier tube
after the signal had passed out of the audio-frequency pass-band and
the diode was disconnected. To accomplish this, it is important that
the grid current of the first d-c amplifier be extremely low, a condition
that was casily obtained by the use of a G.E., FP-54 type tube. It
was necessary for the capacity of C, to be rather small, on the order of
0.01 microfarad, for it to be fully charged in the short charging
time allowed. With this arrangement, over an hour was required for
the grid voltage to decay to 37 per cent of its original value and,
of course, no appreciable change occurred between measurements.
The d-c amplifier had a linear input-output characteristic and oper-
ated a conventional recorder. This method of holding the recorder at
its last measurement until a subsequent measurement is made, was
advantageous in that a sequence of measurements gave an approxi-
mately smooth curve. It also gave the recorder-movement time to
indicate the true amplitude of each measurement.

With the system as described up to this point, it will be apparent
that if the receiver is tuned to say the low-frequency end of the signal-
frequency range, a measurement will be made as the transmitter fre-
quency, increasing from its minimum value, passes through the pass-
band of the receiver. After this measurement, if the receiver is
quickly tuned to a higher frequency, the increasing signal frequency
will again come into the audio-frequency pass-band and cause another
measurement to be made. By carrying on this procedure a complete
series of measurements can be made. In advancing the receiver tuning,
the receiver is tuned through the signal frequency, but this can be
done so quickly that the signal is not in the pass-band long enough to
cause a false measurerpent to be made. Tuning by hand in this man-
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ner permitted about fifty measurements to be made over the 5-mega-
cycle range in one-half minute. These measurements were spaced
with fairly equal frequency increments according to the skill of the
operator. The automatic receiver-tuning means permitted about 70
measurements to be made with substantially equal frequency incre-
ments between measurements, and when the relay R; returned to
normal signifying that a measurement was completed, it caused
another relay, E,, to be operated which in turn caused the receiver tun-
ing to be changed by means of a modified automatic-telephone circuit-
selector mechanism. This tuning device simply notched up the tuning
controls to a higher frequency by approximately T0-kilocycle incre-
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Fig. 1—Diagram showing elements and functions of the measuring system,
except the signal generator.

ments. At the instant an incoming signal caused relay R, to operate,
the holding current in relay R, was removed which in turn caused
current to be supplied to the auto tuner. The auto tuner was so
arranged that the application of current in its coil caused a pawl to
engage an advanced tooth on an associated ratchet which was geared
with the tuning controls. As the signal frequency increased, the
audio-beat note passed out of the response band of the a-f amplifier
and thus restored R; to normal as shown in Figure 1. It will be noted
that this last operation first disconnected the diode from the d-c
amplifier and then applied current to the relay R,. This removed the
current in the auto tuner, the armature of which in being restored to
normal by a spring caused the receiver tuning to be changed by means
of the pawl and ratchet.
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As a matter of uniform procedure, the system was designed so
that measurements were taken with increasing frequency. Thus, a
few minutes of observation indicated the proper gain of the receiver
to use for the range of signal levels available and the measurement
was started by disengaging the automatic-tuning drive and tuning
the receiver to the lowest frequency. The automatic-tuning drive was

Fig. 2—Standard u-h-f signal generator. In the top view (rear) the shield

covers are removed exposing the u-h-f oscillator in the upper compartment,

and the voltmeter in the lower compartment. Through the circular opening

can be seen part of the inductance, L,. At the extreme right is shown the
movable element of the attenuator.

then re-engaged and the series of measurements started when the
signal began increasing in frequency after reaching its lowest fre-
quency.

With this system, it was only necessary to keep the transmitter-
frequency sweep in continuous operation and to observe a predeter-
mined schedule for polarization of the transmission. Maximum
stability of the measuring system was obtained by the use of voltage
regulated-power supplies. Normally the equipment was operated from
110-volt a-c sources.
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CALIBRATION OF EQUIPMENT

For all such measurements, some means of comparing data with
a common reference is necessary. The signal generator used as a
reference also provided a fairly accurate means of measuring field
strengths. This means was embodied in the 74-ohm output circuit
of the signal generator which is known to be substantially equivalent
to the impedance of a half-wave doublet antenna. Thus, by substitut-
ing the signal generator for the antenna, the equivalent voltage in the
antenna was known, which with its known effective height provided
the corresponding field strength indicated by the receiver output. As
it was somewhat cumbersome to check the overall gain of the measur-
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Fig. 3—Diagram of u-h-f signal generator.

ing system frequently by this method, it was found practical to measure
the transmission-line loss and calibrate the measuring system by con-
necting the signal generator to the receiver-input terminals, including
the transmission-line termination, whenever a calibration was neces-
sary. .

The signal generator also provided means of checking the input-
output response and the flatness of response over the frequency range
of the measuring system. Final evidence that the entire system had
constant response over both frequency ranges was obtained by making
measurements in an open, unobstructed field where no serious indirect-
path waves, with the exception of the wave reflected from the ground,
were expected. The path length of the wave reflected from the ground
was so nearly equal to the direct wave-path length that it caused no
appreciable field strength change over the 5-Mc range with the result
that the recorder indicated substantially constant field strength.
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Details of the ultra-high-frequency signal generator, Figure 2,
are given in the diagram, Figure 3. It will be seen that two sections
of concentric line, L, and L., comprise part of the inductance in the
ultra-high-frequency oscillator circuit. The voltage across a portion

"of the inductance, L,, can be set to calibrated values by means of the
vacuum-tube voltmeter and plate-voltage control of the oscillator.
Output from the oscillator is taken by inductively coupling a small
loop with the maximum-current end of the inductor L,. The coupling

Fig. 4—Measuring equipment in portable racks. The units are, beginning

at the top of the left-hand rack, standard signal generator, u-h-f receivar

with the automatic-tuning device attached, power-supply unit, and spare

audio amplifier. In the right-hand rack are, the recorder (on top), final d-c

amplifier, FP-54 d-c amplifier, tone rectifier, regulated power supply, and
a-c voltage regulator.

loop is connected to a short 74-ohm transmission line with a 37-ohm
resistor on either side thus providing a 74-ohm output circuit. The
coupling of the loop, and thus the output, is controlled by a calibrated
threaded movement which moves the coupling loop inside a metal
sleeve. This attenuator gives a range of 60 db with about 114 inches
displacement, the calibration of which is substantially independent
of frequency. The signal generator was calibrated by comparison with
other standard-signal generators at 30 and 40 megacycles. Some sat-
isfactory calibration checks have also been obtained with field-strength
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measurements at frequencies between 80 and 100 megacycles compared
with field-strength measurements made with half-wave antennas incor-
porating a current- or voltage-measuring means at the center. A fre-
quency range of from 30 to 200 megacycles is obtained by the use
of two sets of plug-in inductance elements.

MISCELLANEOUS

Several items were found useful in facilitating measurements in
the field. Simple attenuator pads made up with quarter-watt carbon
resistors, were inserted in the transmission line at the receiver to
obtain a loss of as much as 24 db. These were necessary in some cases

Fig. 5—Portable mast set-up, showing arrangement of antenna and
transmission line.

where the received signal was several hundred millivolts. The fre-
quency-response characteristic of these pads was found to be quite
satisfactory over the required frequency range and their loss was con-
veniently measured by means of the signal generator.

The measuring equipment, Figure 4, excepting the recorder, was
mounted in two portable racks which were about 40 inches high and
accommodated standard 19-inch panel units. Suitable clamps were
provided to fasten the racks in place in a 84-ton panel truck. Measure-
ments were made without removing the equipment from the truck
whenever feasible.

The antenna-mounting means were extremely flexible in order to
support the antenna satisfactorily at a large variety of receiving loca-
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tions. A sectionalized mast, Figure 5, was provided which could be
set up at various heights up to 22 feet. The top of the mast supported
the center of a 10-foot cross-arm along which the transmission line
was draped. The antenna made of two Y4-wavelength aluminum tubes
was mounted by a bakelite clamp which in turn was supported on the
end of a pole or at one end of the cross-arm on the mast. The cross-
arm was mounted so it could be turned through 90 degrees by means
of ropes, enabling easy control of the antenna polarization. The posi-
tion of the antenna could also be changed over a circle of 5-foot radius
by simply turning the mast, the three guy ropes being fastened to a
movable collar at the top.
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Fig. 6—Two frequency versus amplitude curves recorded under
unchanged conditions.

The transmission lines used were of the twisted pair, Latox rubber-
insulated type. For required lengths under 60 feet, a 74-ohm (char-
acteristic impedance) line was available which had a loss of 10% db
per 100 feet at 83 megacycles and about 15 db per 100 feet at 145
megacycles. Longer lines sometimes used, having a characteristic
impedance of 100 ohms, had a loss of 6% db per 100 feet at 83 mega-
cycles and 9% db per 100 feet at 145 megacycles.

The recorder was critically damped and followed the changing sig-
nal levels quite accurately except in one case where extremely large
and fast variations were encountered. To insure a uniform time or
frequency Scale, the chart was driven at the rate of three inches per
minute by a small synchronous motor.
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In general, the measuring equipment was quite satisfactory and
gave consistent repeat measurements. This performance is illustrated
by the two samples of recorded data shown in Figure 6 which were
obtained in sequence with unchanged receiving conditions. The time
interval between curves is one-half minute which was required for the
transmitter frequency to return from 145 Mc to the starting frequency
of 140 Mc. During this interval, the receiver tuning was changed to
140 Mc and the automatic-tuning device re-engaged so that measure-
ments were repeated when the transmitter frequency began increasing
from 140 Mc. Since only one-half minute was required in which to
make a complete series of measurements, a large number of measure-
ments could be made at each location with a variety of antenna posi-
tions.
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A NEW METHOD FOR MEASUREMENT OF
ULTRA-HIGH FREQUENCY IMPEDANCE

By

STUART W. SEELEY AND WILLIAM S. BARDEN

License Laboratory. Radlo Corporation of America
1. FOREWORD

INCE the earliest days of the radio art, progress has been assisted
S by continuous improvement of measurement technique, whereby
the reduction to practice of important discoveries and the refine-
ment of design have been expedited, and maximum performance
achieved.

The contemporary development of a precise measurement technique
is relatively slow: partly because it is less interesting and at times
less important than the experimental demonstration of new ideas, and
partly because precision of measurement is often difficult when simple
or convenient methods are needed. As the improvised methods of
rough measurement give way to suitably refined and precise tech-
niques, the advance of a new art can be engineered straightforwardly,
and more economically.

In several important respects, the present status of ultra-high-
frequency practice marks it as a new art. Meritorious results have
been achieved with short and ultra-short waves. Nevertheless, from
the standpoint of good engineering practice, the measurement of ultra-
high-frequency circuit properties has remained essentially undeveloped.

This paper is concerned chiefly with a new and simple method for
accurate measurement of resistance and reactance at high and ultra-
high frequency. The method is described in Section 3, and treated
analytically in Section 4. Section 2 is a brief discussion of preliminary
considerations.

It is believed that the method described is not only extremely simple
and convenient to use, but that it provides a degree of accuracy much
higher than that provided by previous and more complicated systems.

2. FACTORS INVOLVED IN IMPEDANCE MEASUREMENTS AT
ULTRA-HIGH FREQUENCY

As regards measurement at high frequency, the teachings of experi-
ence emphasize the importance of increased care and precaution as the

272
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frequency is increased. There arz various reasons for the difficulties
of precise measurement at high and “ultra-high” frequency. Broadly
speaking, there is one basic reason, namely, that by virtue of slight
imperfections arising from physical limitations of construction, circuit
elements (including certain meters) are not strictly circuit constants
when the frequency is variable. Not only are inductance, capacitance,
and resistance standards dependent upon frequency, but the inductance
and capacitance of circuit wiring acquires significance at high fre-
quency. Hence, methods of measurement which can be used safely at
low frequency are often found to be definitely unsatisfactory at high
(or very high) frequency.

Of course it is not impossible to proceed very carefully and to
develop a frequency calibration of standards, such that their use at
very high frequency becomes feasible. However, that is not a straight-
forward procedure from some important standpoints, and proof of the
accuracy of the standards is likely to be quite involved. Experience
with the accurate measurement of resistance and reactance at high
frequency often leads to the desire for a method which minimizes the
required amount of absolute information to the point of feasibility.

Suppose it be required to measure the 50-megacycle resistance of a
100-ohm carbon resistor. A “Q” meter is likely to be readily available,
but 100 ohms is much too high to use in series with the tuned circuit,
and much too low to use in shunt. If the 100-ohm resistor be connected
across an appropriately coupled secondary, thus adapting it to the
“Q” meter, a knowledge of the degree of coupling at once becomes
involved. Eventually, as one thing leads to another, a complicated
procedure ensues and leads to a questionable result. Of course other
methods may be considered, one being the volt-ampere scheme. It
works well on paper, but a thermal milliameter is not readily adaptable
to high-frequcncy practice. Most radio laboratories are not equipped
to measure high-frequency currént accurately, although recent
vacuum-tube voltmeter developments render the reasonably accurate
measurement of ultra-high-frequency voltage not particularly difficult.

However, it is still well to avoid dependence upon absolute informa-
tion of voltage when measuring resistance or reactance at ultra-high
frequency. For example, even with a truly modern vacuum-tube volt-
meter, it is safer to assume that the deflection vs. voltage characteristic
is the same on @ percentege basis at ultra-high frequency as it is at
low frcquency, than to assume that the voltage measurement of the
vacuum-tube voltmeter is independent of frequency up to (say) 100
megacycles. At ultra-high frequency, certain vacuum-tube voltmeters
can be relied upon to obey their low-frequency deflection law on a
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percentage basis. Accordingly, a preferred method of resistance or
reactance measurement at ultra-high frequency should involve a ratio
of voltages, determined as a ratio directly, rather than involve absolute
measurements of voltage.

At ultra-high frequency, a voltage ratio may be determined by
using a vacuum-tube voltmeter without self bias on any electrode, and
employing only the limited voltage range wherein the deflection is
proportional to the square of the voltage. It can be shown analytically
that for various tubes this range of deflection is from zero to 50 or
100 microamperes. Accurate low-frequency tests for this square law
often reveal it so well that any discrepancy is likely to be due to an
error in measuring the voltage (even at 60 cycles). With the range of
square law operation known, it is quite proper to accept the assumption
that the vacuum-tube voltmeter obeys a square law at ultra-high fre-
quency. Hence it becomes a simple matter to learn accurately a voltage
ratio at ultra-high frequency: e.g., a deflection ratio of 2 corresponds
to a voltage ratio of V2.

Without knowledge of current or voltage magnitude, it is axiomatic
that the measurement of any impedance (resistance or reactance)
requires that at least one circuit element be a known quantity on which
precision of measurement is dependent. From this standpoint, both
thought and experience lead to the choice of a physically small air
condenser as the circuit element whose assumed properties at ultra-
high frequency are based on low-frequency measurement. Moreover,
it is preferable to require knowledge only of the incremental capaci-
tance due to rotation of plates from any predetermined position,
rather than to involve the entire capacitance (which includes strays).
This preferred character of absolute information, and dependence
upon a directly determined voltage ratio instead of upon absolute mag-
nitudes of voltage, plus the normally required degree of careful circuit
management at very high frequency, are employed in the method
described in Section 3. This method is an adaptation of a principle
which first may be considered briefly, as follows:

Consider a simple series circuit comprising an inductance L, a
capacitance C, a resistance R (due chiefly to the coil), and an impressed
voltage E at the frequency of resonance. @ having its standard defi-

oL
nition of —, the condenser voltage at resonance is QF. Resonance
R

is established by adjusting C for maximum deflection of a vacuum-
tube voltmeter across C. By changing C from its value at resonance,
detune the system until the vacuum-tube voltmeter deflection corre-
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1
sponds to — X 100 per cent of the condenser voltage at resonance.

V2
The system is detuned by means of an incrementally ¢alibrated vernier
condenser. Note the change in capacitance, and designate it by AC.
1

o (AC)
which is developed across the condenser terminals: i.e.,

is numerically equal to the parallel resonance-tuned impedance

1 Q L
_ =QulL="r——=——
o (AC) wC CR
4

Co o
[é L, L C’—Jé

/]
£ " Kr

"
Fig. 1

This principle, as here outlined on the basis of its preferred character
of data, underlies the method of measurement which is described in
Section 3.

The foregoing discussion of a measurement principle is trivially
in error. The error is definitely unimportant when @ is normally high.
Meticulous precision, aside from being unnecessary and usually absurd,
almost invariably leads to much complexity of both method and
explanation. Also in the following descriptions, commission of negli-
gible error is preferred to useless confusion.

Suitably high-Q circuits in the measuring device can be realized
readily, thus rendering the result as nearly true as is necessary or
experimentally demonstrable. When the error of analysis is of the
order of only one- or two-tenths of a per cent, of course the ultimate
error in measurement is due mainly to other causes.

3. DESCRIPTION OF METHOD

Note Figure 1. Circuit 1 comprises the series connection of a fixed
inductor L,, a variable condenser C;, and a voltage E at the frequency
involved. F may be obtained by a magnetic coupling of Circuit 1 to a
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driver, provided that the incidental coupling of the driver to Circuit 2
is negligible, and provided that the coupling of Circuit 1 to the driver
is so loose (requiring sufficient power, of course) that a detuning of
Circuit 1 does not result in an appreciable change in the induced volt-
age E. A good method of obtaining E is by means of resistance coup-
ling to a driver (not shown). In this case, the resistance placed in
the position of E should be very small in comparison with r, on Fig-
ure 1. r, is the effective series resistance of Circuit 1, and is due
mainly to the low resistance of the high @ inductor winding.

Another good (and in some cases a more convenient) means of
driving Circuit 1 is to connect the points “p” and “g” (on Figure 1)
into the plate circuit of an r-f pentode whose grid is driven by a
signal generator. In this case, “p” designates the plate connection, and
“g” the r-f ground. The state of affairs is as though the series voltage
E were actually impressed as in Figuré 1. A current E G, flows into
a shunt combination of R, and whatever impedance presents itself
across the points “p” and “g”. This impedance and R, need not be
known. All of the following description and explanation refer to Fig-
ure 1 with the series impressed voltage E, but the use of a driver tube

need not result in any departure from the method of measurement as
outlined.

Circuit 2 comprises the series connection of a fixed inductor L., a
variable air condcnser C,, and another variable air condenser C;. Cir-
cuit 2 is magnetically coupled (adjustable) to Circuit 1. Conveniently
accessible terminals T are placed across C;. Circuit 2 is shown without
any resistance. A normally high Q, renders this resistance unimpor-
tant.

C, is used to tune L, when C; is shorted by means of a small strip
of crimped copper which is gently inserted between plates at (or near)
the middle of the condenser. Of course this means of shorting C; is
preferable to connecting a wire between the terminals 7, because L,
includes circuit wiring effects. It is important that the adjustment
of C, to tune L, be made when C; is shorted without changing the
effective value of L,. The adjustment of C, is not so critical that per-
fection is demanded in the matter of maintaining a constant effective
value of L, with and without C; shorted, but the diminution of slight
errors naturally avoids a large error due to their possible sum.

Of course there is likely to be an appreciable degree of capacitive
coupling of Circuits 1 and 2, since L, and L, are occasionally in fairly
close proximity in order to obtain sufficient magnetic coupling. How-
ever, the capacitive coupling as well as the magnetic coupling need
not be known. An effective value of M results from the combined coup-
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lings, but its actual value is not involved in the evaluation of resistance
or reactance from the data obtained.

C, and C, need not be known. Their adjustments are made by
observing the vacuum-tube voltmeter across C,. The value of Cg, how-
ever, must be known on an incremental basis. The dial on C; indi-
cates zero capacitance when the plates are in any predetermined posi-
tion, such as the position of minimum capacitance. ACj; is the required
information, and a physically small variable air condenser may be
relied upon at very high frequencies where other devices are not to
be trusted.

Suitable values of L,, C,, Lo, and C, depend upon the frequency (or
range of frequencies) involved. In general, convenience may be
favored in this respect.

Normally good technique should be employed in the physical dis-
position and wiring of circuit elements. For example, the leads from
the inductor L, should be fairly short, and separated not less than
(say) Y inch. This results in negligible stray capacitance across Ls.

The leads from C; to the terminals (so-called) T should be short
and essentially non-inductive: e.g., strip type conductors. To this
point, reference to the terminals T has been made in an essentially
diagrammatic sense. It is altogether desirable to construct the strip
type conductors to serve as terminals by bending a short strip back
on itself, thus forming a terminal of the spring jaw type. At ultra-
high frequency, it is important that these conductors (or terminals)
lead to the condenser Cg directly, instead of to other points on circuit
wiring which are merely diagrammatically across C;. This precau-
tion is not on account of circuit wiring capacitance across C; (since
only ACj is involved as regards a known quantity), but because of
the lead inductance of condenser C; “itself”. C; (or rather AC,) is
calibrated at low frequency. In order that this calibration shall hold
at very high frequencies, the lead inductance of C; must be duly mini-
mized. This lead inductance, as such, is only whatever inductance
exists between the electrical center of C3 and the points whereat the
strip type conductors (terminals) are connected to C;. Lead induc-
tance from C, to C, or to L., is not involved in this respect, because
that lead inductance is effectively part of L, when C, is adjusted for
resonance in Circuit 2 as described subsequently. The physical arrange-
ment of parts should be such that the short terminal-conductors across
C, are directly exposed in order to permit an essentially leadless con-
nection to an external impedance which is to be measured. In many
cases these terminal conductors may be dispensed with entirely, as
by soldering the external device directly across Cs.
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The vacuum-tube voltmeter is used as an indicator, but its law
of indication must be known qualitatively, and it should be of ultra-
high frequency design so that at 50 or 100 megacycles it may be relied
upon to obey whatever law of indication it is found (or made) to have
at low frequency. As noted in Section 2, square law indication is
natural, provided that the applied signal voltage is not excessive.

A device whose resistance and reactance are to be measured is con-
nected across the terminal-conductors T. The process of measurement
is as follows. :

(a) With Cj at its minimum value (i.e., AC; equal to zero), and with-
out any connections to terminals T, impress E at the frequency
involved, and adjust C, for resonance of Circuit 1.

(b) Short C3 by the means noted above. Then adjust C, for resonance
of Circuit 2, by observing minimum deflection of the vacuum-tube
voltmeter. Remove the shorting device from C,.

(¢) Ensure that Circuit 1 is exactly resonant, by means of a slight
readjustment of C, or by a slight change in frequency. Then
obtain 70.7 per cent of that voltage across C, by either: (1)
decreasing the frequency of E, or (2) by decreasing C,.

(d) Retune the system to exact resonance by adjusting Cs;. This is
done most accurately by increasing C; so that the vacuum-tube
voltmeter deflection passes through its maximum value and re-
turns to the value obtained in (¢). Note that increase of C;. Half
of that value is AC;, and upon setting C; at ACj; the system is
tuned to resonance as precisely as necessary (or possible).

(e) Note AC; and the vacuum-tube voltmeter deflection. Then connect
across T the impedance to be measured. This results in a decreased
deflection of the vacuum-tube voltmeter. By a further adjustment
of Cj, retune (if necessary) to maximize the second deflection.
Note the necessary change of C., and designate it by A'C,;. Also
note whether it is necessary to increase or to decrease Cs in order
to retune the system after connecting across T the impedance to
be measured.

(f) Knowing the deflection law of the vacuum-tube voltmeter, the
first and second deflections in (e) may readily be translated as the

E,
ratio of the first voltage to the second voltage: i.e., . Let
E, E,
P=——1
E")

(g) To this point, three quantities have been learned: AC,;, *=A’'Cj,
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and P. These three known quantities are used in the simple evalu-
ation of R and X, as follows:

1 1
R=———— X=—
Po(AC3) o (A'Cy)

R and X are a resistance and a reactance in shunt, which, at
o, are the equivalent of whatever impedance is connected across
T for measurement. When that impedance is a single arm com-
prising series elements, K and X may readily be converted to
their equivalent series combination. The conversion yields the
values of the series elements which were unknown. However, it
may not be necessary to make the conversion, since in some cases
the shunt equivalent of a series circuit may be used in analysis
as appropriately as the actual series combination.
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Fig. 2—A new method for measure- Fig. 3
ment of ultra-high-frequency (Probable Circuit Equivalent of
impedance. Typical Carbon Resistor)

The interpretation of *=A’C,, leading to =X, is as follows.
In step (e) when C; must be decreased in order to retune the
system, X is a capacitive reactance. The system was in tune before
the unknown impedance was connected across T. To restore res-
onance, of course it is necessary to remove the same amount of
capacitance from C; as is added across C; by connecting an
unknown impedance across C;. Similarly, a necessary increase of
C; to restore resonance means that X is an inductive reactance.

The foregoing process of measurement is explained analytically in
Section 4 after next noting a few results of measurement. Since it is
likely that the high or ultra-high frequency performance (or particu-
lar properties) of transmission lines may be an important object of
measurement, a compendium on distributed LCR systems is included
at the end of this paper.

The circuit used for the measurement of impedances of balanced
devices, such as balanced transmission lines, is shown in Figure 2. It
differs from the basic circuit of Figure 1 by virtue of the use of split
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condensers C, and C;, which results in a symmetrical disposition of
all elements with respect to ground. The condensers labelled C, in
Figure 2 are separate components, which are mechanically ganged.
C; is a split stator, split rotor condenser, with stators connected to the
terminals T T.

It may be necessary to provide for the insertion of a Faraday
screen between L, and L,, to minimize the capacitive coupling unbal-
ance which may occur as the result of driving the primary coil from an
unbalanced voltage source.

A few 0.5-watt carbon resistors having from 100 to 5,000 ohms
were measured at ultra-high frequency up to 100 megacycles. Resis-
tors of this type show less resistance at ultra-high frequency than at
low frequency or direct current, but this effect is negligible for low
values of resistance, such as 100 ohms. At higher values of low-
frequency resistance, such as several hundred or a few thousand ohms,
the ultra-high frequency resistance is materially less than the low-
frequency resistance. The percentage decrease of resistance increases
with frequency and resistance. A 0.5-watt carbon resistor having 5300
ohms direct current resistance, shows 4100 ohms at 50 megacycles,
3600 ohms at 100 megacycles, whereas a 100-ohm resistor having the
same physical dimensions shows practically no difference between its
100-megacycle resistance and its direct-current resistance. The state
of affairs is as though the physical structure of these carbon resistors
were such that the electrical circuit equivalent is probably as indicated
on Figure 3, where the parallel arms have unlike values of capacitance
and resistance such as to cause the a-c resistance to decrease with
increasing frequency. However, typical carbon resistors, as measured,
show a shunt capacitance merely of the order of 0.5 pufd, and some
of this is due to resistor leads.

Note on Skin Effect: It is not illogical to assume that skin
effect may be involved in ultra-high-frequency resistance of these
typical carbon resistors, but theory does not predict skin effect to
any appreciable degree. The following expression (1) is a rigorous
theoretical formula for the calculation of skin effect,

1 2aFSp\? 1 2zFSp\*
r=R,[14+|-— —{ — 4. (1)
12 R,10° 180 K,10°

where r and R, are respectively the a-¢c and d-c resistances of the
entire length of a cylindrical conductor, S is the length (centi-
meters) of the conductor, u is the permeability, and F is the fre-
quency (cy/sec).
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Consider a typical carbon resistor which is 2 centimeters long,
having 100 ohms d-c resistance, p taken as i.mity, and the frequency
F taken as 50,000,000. In this case, the theoretical formula (1)
results as follows. ’

=100 [1 + .000131 — .000000013 + - - - (2)

(1) shows only the first few terms of an infinite series. From
(2) it is evident that in the case of this 100-ohm carbon resistor
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Z,=V430x23.9 =102
Fig. 4

(1) contains enough terms as it stands. Incidentally, this does
not mean that the calculation of skin effect is ordinarily quite easy.
When dealing with copper or iron at very high frequencies, (1)
must be extended to include 10 or 20 terms. In such cases, other
formulae for approximation are preferable. When an evaluation, as
in (2), is carried out for higher values of d-c resistance, such as
several hundred or a few thousand ohms, S being 2 or 3 centi-
meters, and the frequency being increased to 100 megacycles, it is
likewise found that skin effect is entirely negligible in the case of
typical carbon resistors.
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Another example of measurement is shown by Figure 4, concerning
A’'Cy and R vs. frequency, at and near full-wave resonance of a certain
transmission line having its far end open. Note that the maximum
value of R obtains at nearly, but not quite the frequency which results
in A’Cj equal to zero.

Figure 5 shows A’Cj as seen by a generator at the center of a half-
wave doublet having resonance at 36.3 megacycles. Of course X may
be evaluated directly from these data, as per step No. (g). The
resistance at resonance was found to be 64 ohms. This value was not
expected to agree closely with the natural value of 72 ohms (radiation
resistance), because the doublet was not much more than a quarter-
wave length away from a steel frame building. Above the frequency

50
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N /
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/ L4
)
35 40 ~ 50
MC —=
Fig. 5

of half-wave resonance, the A’C; characteristic does not agree with
the idealistic characteristic which would be approximated were the
steel frame building not involved.

Figure 6 shows data taken when looking into a transmission line
which was terminated by a doublet having approximately 20 per cent
less length than the doublet of Figure 5.

These data are given to show that ultra-high-frequency impedances
can be measured without making any uncertain assumptions.

4. ANALYTICAL EXPLANATION OF METHOD

Note Figure 7, where the shunt impedances Z, and Z, are across

1
C;. Let oL, =——. Disregard the negligible quantity r,. Let Z, be

(i C2
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the impedance seen by a series generator in Circuit 2, when Circuit 1
is isolated therefrom.

2.2,
~ B

N

o

Upon coupling Circuits 1 and 2, the impedance appearing in Circuit 1

(oM)?  (oM)? (oM)?
due to Circuit 2 is or, + (8).
Zy Z, Z,

sol—\ 300

-4 CAnF+
3
/
N

N\

/
I AN

\

5 40 495 30
MC —=

Fig.6

Note that each shunt impedance has a strictly independent influ-
ence on Circuit 1: i.e., change or remove either Z, or Z,, and the other
still has its former effect on Circuit 1.

Z, and Z, may be any types of impedance. Let Z, be due to the
condenser C, in Figure 1, and let Z, be a pure resistance. Then the
first term in (8) is a change of reactance seen in Circuit 1, and the
second term is a change of resistance seen in Circuit 1. Note particu-
larly that the change in reactance is independent of the change of
resistance. Hence a net reactance of zero in Circuit 1 may be obtained
by adjusting either C, or C,, without affecting the total resistance in
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Cireuit 1. Also note that since (3) is general, Z, and Z, may be the
separate reactances of each of two condensers in shunt. Or, the first
term of (3) may be written for two shunt condensers, retaining the
second term on account of a shunt resistance: i.e., across T let there
be (a) some stray capacitance including the unknown minimum capaci-
tance of C3, (b) another capacitance ACj, and (c) a resistance. Then
the impedance appearing in Circuit 1 due to Circuit 2 is:

(wM)? (oM)? (oM)?
+ +
z, Z, z,

(4)

where Z, is the reactance of the unknown shunt capacitance, Z, is the
reactance of AC;, and Z, is the shunt resistance. Note that the influ-
ence in Circuit 1 of C; is independent of the stray or unknown capaci-
tive reactance Z,, as well as independent of the shunt resistance Z,.

After tuning the system when ACj is zero, the use of AC; therefrom
is as though no stray capacitance exists across T, and the actual pres-
ence of stray capacitance does not prevent ACy; and Z, from having
distinctly independent effects in Circuit 1.

Tune Circuit 1 when ACj; is zero. Then slightly decrease the fre-
quency of the impressed voltage E (note Figure 1), or decrease C,,
such that the vacuum-tube voltmeter gives a deflection corresponding
to 70.7 per cent of the former (resonant) voltage across C;. Since
70.7 is 1/V2 X 100, the adjustment to 70.7 per cent of the resonant
response ‘means that the resistance », (of Circuit 1) is equal to the
net reactance of Circuit 1. Next restore resonance in Circuit 1 by
increasing C; by an amount ACj;. This means that «) presents AC,
to Circuit 1 as a reactance which is numerically equal to the resistance
of Circuit 1, because, before AC3; was introduced, Circuit 1 was de-
tuned such that its net reactance was equal to its resistance. Hence,
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(oM)?
—=r; or, (eM):=

(6)
mACs

(DAC3

Since series resonance is established in Circuit 1 both before and
after the connection of an unknown impedance across T, and since
this unknown impedance, whatever be its physical embodiment, is
equivalent to a shunt combination of R and X, and remembering that
the adjustment of C; to establish resonance is independent of R, it
necessarily follows that the first and second voltages (E; and E, as
per Section 3) across C; are inversely proportional to the correspond-
ing total resistances in Circuit 1: i.e., r, determines E,;, and 7, +
(wM)?

determines E,. Hence,
(oM)?
r+
E, R
— (6)
E, 1

In (6), for (wM)? substitute its equivalent as given by (5), and
solve for R. The result is,
1

R=

E,
where P (as defined in step f) is —— — 1. This is the expression for K

which is stated in step (g) of Section 3.

1
That ————— is the numerical value of the shunt reactance X is

o (A'Cy)
self-evident from the derivation and discussion of (3) and (4). When
maximizing E,, the adjustment of C; yields zero reactance in Circuit 1
as though R were not involved at all. As stated in Section 3, A'C; is
the change in C3 from the AC; setting. Though Section 3 describes
the measurement of R and X jointly, it is self-evident that either R or
X may be measured without measuring both, upon desire. ,

5. NOTE ON TRANSMISSION LINE MEASUREMENTS

Transmission line considerations are of particular interest in ultra-
high-frequency practice. On account of the very high frequency, only
50 feet of cable is effectively a long transmission line. With home or
apartment television installations in view, a transmission line from
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the out-door doublet to the receiver may be several wave-lengths long.
Such a line is electrically as long as several hundred or a few thousand
feet of r-f transmission line in the standard broadcast band.

The proper use of a transmission line generally requires that its
surge impedance be known, and it is usually desirable to know that
the attenuation is acceptably low. Also, it may be desirable to take
measurements involving the voltage rise of a resonant length of trans-
mission line. It is thought that the various likely objectives concerning
transmission lines at ultra-high frequency, particularly from a meas-
urement standpoint but also as regards performance, warrant this
inclusion of certain formulae which are directly applicable to systems
having uniformly distributed inductance, capacitance, and resistance.

Whether the transmission line be a pair of uniformly twisted
wires, a pair of parallel wires, or a concentric cable, the inductance,
capacitance, and resistance are for all practical purposes uniformly
distributed. The theory of such a system is found in numerous texts,
notably “Calculation of Alternating Current Problems” by Louis Cohen
(McGraw-Hill), which is particularly informative.

In standard form, V =a + jB, where V is the propagation constant
of the line. a is the attenuation constant, and 8 is the velocity con-

stant. “a” is a measure of the transmission loss along the line, due
to both series and shunt resistance per unit length of line. The velocity

(]
of transmission is —, and may be taken as the velocity of light in the

case of parallel wires with air dielectric, but may be found as much
as 50 per cent less than the velocity of light in the case of other dielec-
trics (such as rubber, etc.). The general expressions for e and B are
seldom (if ever) used in practice. Their simplification first depends
upon the nature of the line loss, involving predominance of series
resistance, or shunt resistance, etc., but both the measurement and
the use of “a” do not depend upon the details of its constituency, and
@ has only an insignificant effect on 8. Hence the altogether acceptable
approximation: 8= w\/LC, where L and C are the inductance and
capacitance per unit length of line. There need be no concern over the
unit of length, finite or differential, because B8 need not be involved
alone, but rather 8S, where S is the entire length of the transmission
line. Ultimate formulae need involve simply the total inductance and
the total capacitance of the entire length of the line. Likewise, a need
not be involved alone, the quantity aS being a measure of the loss for
the entire length of the transmission line. The line loss is 8.686 (aS)
decibels.
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Consgider a length S of transmission line, open at the far end
(excepting the negligible capacitance of a modern vacuum-tube volt-
meter there connected). The voltage at the far end of the line is,

2E,

)]

V2 cosh (2aS) + 2 cos (28S)

where E, is a voltage (at ») impressed at the transmitting end of the
line. Suppose that o be varied. Then the term 2 cos (28S) becomes
periodic, and ranges between + 2 and — 2. This causes (7) to show
that the voltage at the far end of the line is a maximum at a funda-
mental frequency and at all odd harmonics thereof. The fundamental,
or lowest frequency to yield a maximum voltage at the far end of the
line, is found by setting BS equal to =/2 radians. At the next higher
frequency yielding a maximum voltage, 8S is equal to 37/2 radians,
etc., etc. Were the line loss equal to zero, i.e., no series or shunt re-
sistance along the transmission line, @ would be zero, and since cosh
(zero) is unity, the term 2 cosh (2aS) would equal 2. This would
cause the denominator of (7) to be zero at values of » which result in
the expression :

2 cos (28S)=-—2

Thus would the voltage rise of the line be infinity at the fundamental
frequency and at all of its odd harmonics. Of course the line loss is
never zero, hence the term 2 cosh (2aS) is bound to be greater than 2.
Ordinarily, it exceeds 2 by a relatively small quantity such as 0.05, or
0.1, or 0.2, such that the resonant rise of the line is usually between
10 and 100.

(7) suggests a method of learning aS. Choose a frequency (or
length of line) resulting in a maximum voltage at the far end of the
line. Read it, and also read E,. Then the term 2 cosh (2aS) is the
only unknown quantity in (7). 2 cosh (2aS) may be evaluated directly,
and aS then found by reference to a table of hyperbolic functions. In
case the transmission line is very efficient, leading to voltage measure-
ment difficulties on account of a high ratio of output to input voltages,
a long length of line may be used in order to increase aS to a readily
measurable value. In this manner, aS per foot, or per meter of line
may be learned.

Seldom is it necessary to deal with (7) in its hyperbolic form.
(7) is a strictly rigorous expression. It may be greatly simplified at
resonant values of » by accepting a slight error. The hyperbolic term
may be eliminated as follows: Identity:
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(2aS)? (2aS)*
cosh (2aS) =1 + : + : + . .ete. (8)
21! 4!

(2a85)?

In (8), 1+ is all that need be retained when aS is not

greater than 0.35, provided that an error of 1 per cent is tolerable.
The error decreases rapidly as aS decreases. Upon substituting the
first two terms of (8) into (7), it is found directly that aS is simply
the reciprocal of the voltage rise at resonance. This simple method of
close approximation seems justified by the likely errors of observation
at ultra-high frequency.

When employing the foregoing method of determining aS, a signal
generator should not be relied upon in the matter of impressed voltage
magnitude at ultra-high frequency. This precaution is not entirely
because the signal generator may be in error. It is notably because
of the output leads in the signal generator. At very high and ultra-
high frequency, many signal generators should be regarded as having
a short transmission line within, Therefore, the resonant rise method
of learning aS should disregard the signal-generator circuit properties
by placing a vacuum-tube voltmeter at the actual input end of the
transmission line under test, and at the far end of the line. Then vary
the frequency in the desired region, until the maximum ratio of output
to input voltage is found. aS is the reciprocal of that ratio, at the
frequency involved, and signal-generator output wiring effects are
thus eliminated.

Ordinarily, it is desirable to know or to consider the impedance
seen when looking into a transmission line with its far end terminated
in a prescribed manner. Designating this input impedance by z,

Z,8inh (VS) + Zcosh (VS)
z= 9)
Z
cosh (VS) + —sinh (VS)
Z

[

where Z is the impedance (which may be complex or not) looked into
by the far end of the line, and Z, is the surge impedance of the line

L
itself. Z, is ordinarily defined and used as —, where L and C are
C

the inductance and capacitance per unit length of line, or of the entire
length of line. Rigorously, Z, is much less simple than that, and also
it is a complex quantity. Invariably, however, this simple definition
of Z, is easily a sufficiently close approximation.
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Since (9) is general, let Z (the impedance connected to the far end
of the line) be equal to the surge impedance Z,. Then 2, the impedance
looking into the line, becomes simply Z,, all other terms vanishing.
Note that this is true not merely for resonant frequencies of the line,
but that it holds for any frequency when Z is equal to Z,, and the
transmission line is said to be critically damped. In this case, the
transmission line has the effect of moving a physically remote im-
pedance to the actual position of the input terminals of the line. Of
course this is a steady-state condition. Since the input impedance is
equal to the terminating impedance, the transmission line may be said
to act like a 1:1 transformer as regards impedance ratio. (This state-
ment has its limitations: e.g., it does not deal with phase relations.
The voltage across the terminating impedance Z lags the voltage
impressed on the line, due to the finite velocity of transmission.)

From (9), it may be seen directly that a transmission line may be
made to serve as an impedance-matching transformer, although in this
case the system does not act like a transformer at all frequencies, but
only at the frequency of quarter-wave resonance, three-quarter wave
resonance, etc., and a low-loss line should be used. This impedance-
transformation property is noted from (9) without confusion by let-
ting “ea” be zero, hence V is simply jBS, and then let 8S be =/2 (or
37/2, ete.) radians. The direct result is,

Z,t

VA
wherein Z,2 is analogous to (turns ratio)? or («M)? in transformer
terminology.

z=

It may be desirable to learn the value of Z, at high or ultra-high
frequency. Z, is the geometric mean of the input impedances with the
far end of the line open and with it shorted, as seen directly from the
general expression (9) for z: i.e., divide numerator and denominator
by Z,, and then let Z be zero. Thus, with the far end shorted, z has
the value Z,tanh (VS). Returning to (9), divide numerator and de-
nominator by Z, then let Z be infinity. Thus, with the far end of the
line open, z has the value Z,coth (VS). Then upon taking the square
root of the product of these two values of z, the result is simply Z,.
In order to keep free of complex quantities, these two measurements
of the input impedance z may be taken at a frequency of resonance.
A suitably long test line should be used in order to prevent the high
value of z from being too high, or the low value of z from being too
low for accurate measurement. Z, measured at very high or ultra-high
frequency is not likely to differ greatly, but may differ somewhat, from
the low (audio) frequency determination of Z,.
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When measuring Z, at ultra-high frequency, the method described
in Section 3 leads to data as exemplified by Figures 5, 6, or by Figure 4
in particular where the A'C; characteristic reveals resonance at 43.9
megacycles. At this frequency, the input impedance (a resistance) is
430 ohms when the far end of the line is open, and 23.8 chms when
the far end is shorted. Z, the geometric mean of these quantities, is
101 ohms. A longer test line would have been used in case the meas-
ured value of Z, were for important use. Precision of measurement
is enhanced by employing a length of test line to result in not less than
(say) 50 ohms as the lower value of input impedance.

Zo a8, and z are involved in simple relationship at quarter-wave
resonance, three-quarter wave resonance, etc., the far end of the line
being open or shorted as prescribed. This relationship is here derived
with enough detail to exemplify the manner in which many transmis-
sion formulae may be dealt with.

Again taking the general expression (9) as a basis, divide numer-
ator and denominator by Z,. Then let Z be zero, meaning that the far
end of the line is shorted. The immediate result is (10).

sinh (VS)
z2=127,— = (10)
cosh (VS)
Since V=a + jB, VS =aS + jBS.
Identities:
sinh (aS + jBS) = sinh (aS) - cos (BS) ]
+ jcosh (aS) - sin (BS) an

cosh (aS + jBS) = cosh (aS) - cos (B8S)
+ jsinh (aS) - sin (B8S)

Substitute these identities in (10), and in so doing substitute zero for
cos (BS) and = 1 for sin (BS), because (8S) is 7/2, or 37/2, etc., i.e.,
it has been prescribed that the line is quarter-wave resonant, or three-
quarter wave resonant, etc. Directly after these substitutions in (9),
(12) results.

cosh (AS)
z2=17,—————, or, Z,coth (aS) (12)
sinh (AS)
Z,
hence, tanh (aS) =— (13)
z

Were the far end of the line open instead of closed, the numerator and
denominator of (9) would have been divided by Z instead of by Z,
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then Z would have been set equal to infinity instead of equal to zero,

cosh (VS)
and the immediate result would have been Z, ——— instead of
sinh (VS)

(10). Therefrom, the same substitutions would have been made, and,
instead of (12), the result would have been Z,tanh (aS) or

z

tanh (aS) =— (14)

At resonance as prescribed, z in (13) and (14) is a pure resistance.

(13) and (14) relate (aS), the surge impedance Z, and the input

resistance at resonance. Choice between (13) and (14) depends upon
ease of accuracy of measurement.

As done in the case of (7), (13) and (14) may be freed of their
hyperbolic form without involving more than a 1 per cent error when
aS is not greater than 0.15. The simplification is effected by merely
noting that the hyperbolic tangent of a quantity is nearly equal to
that quantity, when the quantity is sufficiently small. The discrepancy
is 1 per cent when the quantity is 0.15. (A greater value of aS, .35,
is allowable in the similar simplification of (7) when 1 per cent error
is tolerable.) Hence, for small values of aS, (15) obtains,

Z,

Far end of line shorted (aS) =—
(15)
z
Far end of line open (aS) =—
VA

Since the greater value of z obtains when the far end of the line is
shorted, this condition is preferable when using the method of meas-
urement described in Section 3.

The expressions (13), (14), and (15) are quite simple, but peculiar
circumstances sometimes lead to a choice of less intermediary sim-
plicity in favor of over-all convenience. By a procedure similar to the
derivation of (13) and (14), alternative (though less simple) expres-
sions are straightforwardly formed: e.g., with the far end of the line
shorted, and at quarter-wave resonance or at any odd multiple thereof

A+1
cosh —!

A—1 2\?
(aS) = where A = —
2 VA

This expression is rigorous for all values of (aS). -

o
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6. REGARDING Cj

Referring to Figure 1 and to Sections 3 and 4, the variable air con-
denser C; is the only circuit element which is used as a standard. It
should be a physically small condenser of the very low-loss type, and
also should embody mechanical excellence. ACj; is the quantity involved
in the evaluations of R and X, hence C; is calibrated on an incremental
basis. As regards the maximum capacitance of Cj at ultra-high fre-
quency ACz may be only 1 or a few pupfd when measuring a high re-
sistance such as 5 or 10 thousand ohms, whereas for lower measurable
values of resistance ACy; may be from 15 to 30 pufd. Other matters
affect the choice of C3 as regards its maximum capacitance. As de-
scribed in Section 3, a precise adjustment of C; requires a setting on
each side of resonance in order to accurately determine ACj thus
increasing the necessary maximum capacitance of Cz. Also, the meas-
urement of reactance may, on occasion, require that A’Cz be 30 or 40
ppfd. Due to the likely observational error when reading only a few
micromicrofarads on a scale which extends to 40 or 50 pufd, two
conveniently interchangeable condensers may be used: e.g., a 15 pufd
condenser and a 50 pufd condenser; or, a single condenser having a
maximum capacitance of 40 or 50 pufds may be used when it has
shaped plates in order to expand the scale in the region of a few micro-
microfarads. Since AC; is the quantity involved, a properly fitted
reduction gear drive may be used advantageously by placing a grad-
uated dial on the shaft of the smaller gear.

C; is calibrated at audio frequency. A suitable bridge is employed.
C; is connected directly in shunt to a precision condenser, hence the
calibration of Cj3 is a matter of direct substitution. A preferred type
of precision condenser for this use as a comparator is described below.

The capacitance formed by two concentric cylindrical surfaces with
air dielectric is
.6128
—————— ppfd

D,
logio { —
D,

per inch of axial length, where D; and D, are respectively the larger
and the smaller diameters of the concentric cylinders. Accordingly, a
diameter ratio of 2.035 results in 2 pufds per inch of length. This
affords a convenient method of making an accurate variable condenser
whose capacitance need not be more than 20 ppfds, in which case the
working length of the cylinders would not be more than 10 inches. As
regards actual diameters, the larger circle may be the accurately
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measured inside diameter of a brass tube having an inside diameter
of approximately 1 inch, and the smaller circle may be the diameter of
a brass rod which is placed in a lathe and machined to a tolerance of
0.0005”. By means of bakelite bearings, this rod slides co-axially
through the outer tube, causing a capacitance change of 2 puufds per
inch of motion when the diameter ratio is chosen for that result, and
the rod is graduated simply in half inches and subdivisions. Of course
end effects must be considered in a precision condenser of this type.
The variation of stray capacitance due to end effects is minimized to
a definitely negligible quantity when the diameters are as noted above,
by providing an end overlap of not less than 10 times the smaller
diameter: i.e., the rod is graduated only for a range of movement
wherein neither end of the rod comes within 5 inches of alignment
with either end of the stationary tube.

A bakelite grip is placed on one end of the movable rod, and a
cylindrical copper shield is placed outside of the stationary tube and
connected to the brass rod. A precision condenser of this type is imme-
diately useful in calibrating C; at audio frequency. A tubular con-
denser, as described, is too long to be regarded as a capacitance which
is independent of frequency at ultra-high frequency, and hence should
not be used as C; in the measurement method outlined in this paper.
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A SURVEY OF ULTRA-HIGH-FREQUENCY
MEASUREMENTS

By

L. S. NERGAARD

Research and Engincering Department, RCA Manufacturing Company, llarrison, N. J.

Summary—A simple magnetron signal generator is described. The
more useful transmission-line and skin-effect formulas are listed. In con-
nection with transmission lines, it is pointed out that even at very high
frequencies the quadrature component of the characteristic impedance
cannot be neglected. Methods which have been used for the measurement of
the following quantitics are described:

(1) Wavelength—Wavelength has been measured by reflection of
waves in free-space and transmission-line wavemeters. A method of deter-
mining the end correction of a transmission-line wavemcter is described.

(2) Power—Thermocouples for the measurement of small powers are
described. The use of incandescent lamps for the measurement of large
powers i8 discussed.

(8) Voltuge—Diode voltmeters and thermocouples have been used for
the measurement of voltage. The errors of these voltmeters are discussed.

(4) Reactance—Reactance has been measured by tuning the unknown
reactance to resonunce with a transmission line of known characteristics.
The method is illustrated by two examples: the determination of the
resonant wavelength, the inductance and capacitance of a diode, and the
calibration of a variable condenser.

(5) Resistance—Resistance has been measured by the substitution
mcthod, the resistance-variation method, and the reactance-variation
method. The reactance-variation method has been used in all of its forms,
namely, capacitance variation, line-length variation, and frequency varia-
tion. The pertinent formulas and examples of the mecthods are given. A
transmission line and condenser for the measurement of rcsistance by the
capacitance-variation method are described.

(6) Current—The mieasurement of current with thermocouples is
discussed.

I. INTRODUCTION

ultra-short-wave field and a gradual shift of the work on the
more conventional tubes and circuits from a research to an
engineering basis. This shift is, in a large measure, due to the devel-
opment of a measurement technique for the ultra-high-frequency
region. This development is by no means complete. Much remains to

THE last five years have brought ever-increasing activity in the

Reprinted from RCA Revicw, October, 1938.
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be done, both in improving the precision of the measurements and in
extending the frequency range over which reliable measurements can
be made. However, it is sometimes advantageous to pause and take
stock of the methods available. It was with this thought in mind that
the present paper was undertaken.

This paper is a survey of those methods of measurements which
have proved most useful in this laboratory. The writer is well aware
that, in limiting himself to a report of the methods used in a single
laboratory, he is excluding the very valuable work done elsewhere.
His apology for this exclusion is that it permits him to describe only
those methods of which he has first-hand knowledge, i.e., the methods
whose value he is best able to appraise.

II. SIGNAL GENERATORS

A good source of radio-frequency power is essential to radio-
frequency measurements. The requirements of a signal generator are
much the same at any frequency and include (1) adequate output, (2)
a wide frequency range, (3) freedom from harmonics, (4) frequency
and voltage stability, and (5) good shielding. It is also desirable that
the generator be flexible so that the frequency and output can be
varied widely with ease.

Two types of oscillators are commonly used, namely: (1) the
negative-grid triode and (2) the magnetron. Triode oscillators can
be made to operate down to a wavelength of 20 em with an output of
2 watts.! For wavelengths above 80 ¢cm, the RCA-955 and the RCA-834
have been used in this laboratory. Below 80-cm wavelength, the feed-
back becomes critical of adjustment, and it is usually necessary to
tune the filament circuit. Therefore, a triode oscillator for wavelengths
less than 80 cm requires a minimum of two circuit adjustments to
change wavelength and becomes less flexible than is desirable.

Magnetrons operating in the negative-resistance mode will deliver
as much as 80 watts at a wavelength of 19 em.® This output was
obtained from a water-cooled internal-circuit tube. Because of the
fixed internal circuit, such a tube lacks the flexibility desirable in a
signal generator. Messrs. G. R. Kilgore and T. H. Clark of this lab-
oratory have designed a small split-anode magnetron having an anode
. diameter of 2.5 mm and very short anode leads.* This tube delivers 1
watt at a wavelength of 40 cm with 300 volts on the anodes and a field

* With the exception of the RCA-955 and the RCA-834, all of the tubes
and thermocouples described in this paper have been constructed for meas-
urements incidental to our short-wave research.
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strength of 1500 gausses. The wavelength can be varied from 40 cm
to 200 cm by merely varying the length of the anode transmission line.
The output is readily controlled by varying the filament current. Three
signal generators employing these tubes are now in use in this lab-
oratory and are proving very usable and useful. The completely
shielded signal generator described in the writer’s previous measure-
ment paper!! now uses this type of tube. For many rough measure-
ments the oscillator need not be shielded. Figure 1 shows a simple
signal generator of the unshielded type.

Fig. 1—An unshielded magnetron signal generator.

III. CIrCUITS

At short wavelengths, transmission lines have almost entirely
supplanted the lumped circuit elements used at long wavelengths.
This change has taken place for two reasons; namely, lumped circuit
elements for short wavelengths are difficult to construct because of
their small physical size, and are also difficult to adjust once they have
been constructed.

The following example illustrates the difference in physical size of
a lumped circuit and a transmission line, both to tune to a wavelength
of 50 ecm. Suppose the condenser of the lumped circuit consists of
coaxial circular plates 2 cm in diameter and spaced 0.1 cm. apart.
The capacitance of the condenser is approximately 2.8 upf and the
required inductance is approximately 1/w?C, or 2.5 X 10~ henry. A
circular loop of No. 14 wire, 2 em in diameter, has approximately the
required inductance. For a transmission line open at one end and
short-circuited at the other end, the length of the line for resonance
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is 12.5 cm. It is interesting to note that the current in the lumped
inductance is uniform within 10 per cent, whereas the current in the
transmission line is zero at the open end and a maximum at the short-
circuited end.

Because of the great utility of transmission lines, a few of the
more important formulast will be listed in the forms in which they
have been found most useful. Let

! = length of line in em
r, = total resistance per unit length of line in ohm - em—!
L, = inductance per unit length of line in henrys - em—!
C, = capacitance per unit length of line in farads - em—!
G, = leakage conductance per unit length of line in mhos - em—!
a = attenuation constant in em—!
B = phase constant in cm™!
m = propagation constant in em—! = « + jB
y = resistive component of the characteristic impedance in ohms
8 = reactive component of the characteristic impedance in ohms
Z, = characteristic impedance of the line in ohms = y — 58
i=v—1
o =2xf
f = frequency in cycles per sec
A = wavelength in cm
I/, = voltage across sending end of line in volts
I, = voltage across receiving end of line in volts
I, = current at sending end of line in amperes
I, = current at receiving end of line in amperes
Z,= impedance across the receiving end in ohms
Z,= impedance looking into sending end of line in ochms

The properties of a transmission line are most conveniently ex-
bressed in terms of the characteristic impedance, the propagation
constant, and the length of the line. Because the expressions relating
the characteristic impedance and the propagation constant to the
resistance, inductance, conductance, and capacitance per unit length
of line are unwieldy, it is advantageous to have approximate expres-
sions which are simple, yet adequately accurate. The exact expressions
for the real and imaginary parts of the propagation constant and
characteristic impedance are:

1 T, et G, 2713
¢!=w\/LoCo’{ _[1""( ) ] '[1"" ( ) ]
2 oL, wC,

(Formula continued on next page)

+ A consistent notation is used throughout the paper. For convenience,
a table of the symbols used is given in Appendix A.
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1 G,r, 3
_ 1—
2 ’L,C,
1 G, \* |2
B=wVL,C, - —-[1+ ] [1+ )]
2 oL,
1 G,ro
+ — 1—
2 w'L,C,

21—3 | 4 r, 23
[T (20T
mC 2 (l)[ln
G, 23 1 G,r, 3

1+ ( ) SF = 14
oC, 2 w’L,C,
_LT G, |- 1 7, =
e (==) | o] e ( ) :
C, oC, _, 2 ol
G, \:7) 1
NES=
wC, 2 »® L,,C

In practical short-wave transmission lines, G,=0 and 7r,/wL, <<1.
Therefore, the above relations can be written in the following simple
forms which are sufficiently accurate for all practical short-wave trans-
mission lines.

To C, To 2n L,
a= = B, B=w LC,=—, y=
2 L, 2L, A c,

and

-y E

-y

= y (I11-1)

7, 27
m= +3)-
2wL, A

Hence,

www americanradiohistorv com


www.americanradiohistory.com

Nergaard: Survey of U-H-F Measurements 299

o L, .
Z,=(1—3; 1/ (I11-2)
2L, C,

It apparently has been customary to neglect the quadrature component
of the characteristic impedance in short-wave transmission-line calcu-
lations. This procedure may lead to 50 per cent error in calculating
the input impedance of a transmission line with the receiving end
short-circuited. That this statement is true is readily verified for the
case when the length approaches zero.
The following relations have been found useful:
Z, cosh ml + Z, sinh ml
Z,=12, (I11-3)
Z,sinh ml 4+ Z, cosh ml

1, Z,
= (I11-4)
I, Z,sinh ml 4 Z, cosh ml
E, 1,Z, Z,
= = (I11-5)
E, E, Z,cosh ml + Z, sinh ml

Two special cases are of particular interest:

a) If the receiving end of the line is short-circuited (Z, =0), the
sending-end impedance is Z, tanh ml

or
4zl
l sin
o A L, 27l 27l
1+ +J — sin cos
2 4zl , A A
A
Z,=
2xl 7l c, \?2 2l
cos? + 4 sin? (I11-6)
A 2 L,
A 7oA
When l=——, then Z,= (I11-7)
. 2 4
and the circuit acts as a resonant circuit.
A 8L,
When l=——, then Z,= (ITI-8)
4 1eAC,

and the circuit acts as an anti-resonant circuit.
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When
27l 7l C, 27l
cos >> ] sin , then
A 2 L, A
47l
sin -
r,l A 27l L, 2xl
Z,= 1+ — | sec? + 3 tan
2 4zl A C, by
by (I11-9)

The imaginary term here is much greater than the real, so that the
circuit acts as an inductance with a small loss. In the limiting case
when [ >0

Z, > (ry+joL,) L (111-10)

b) If the receiving end of the line is open (Z, = ), the sending-
end impedance is Z, coth ml

or
4=l
sin
7ol A L, 27l 27l
1— | =7 sin cos
2 4nl C, A A
A
Z,=
2l o ¢, \? 2nl
8in? + cos? (I1I-11)
A 2 L, A
A 4L,
When l=—, then Z,= (I11-12)
2 r AC,
and the circuit acts as an anti-resonant circuit.
A A
When l=——-, then Z,= (IT1-13)
4 8
and the circuit acts as a resonant circuit.
2xl rol C, 2nl
When sin >> cos then
A 2 L, A
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47l

sin

7ol A 27l L, 27l
Z,= 1-— esc? —7 cot
2 4zl A C, A

A (IT1-14)

and the circuit acts as an imperfect condenser. In the limiting case

when I »> 0, then Z,H—> (ITI-15)

juC,l

Therefore, transmission lines can be used as resonant and anti-resonant
circuits, and as inductances and capacitances.

In the lumped circuits used at long wavelengths, the circuit losses
are chiefly in the nature of ohmic losses. At short wavelengths where
transmission lines are used as circuit elements and the spacings
between conductors of the lines are an appreciable fraction of a wave-
length, radiation resistance becomes appreciable. In some short-wave
transmission lines, the radiation resistance amounts to half of the total
resistance. I'urthermore, skin-effect, which results in minor correc-
tions to the ohmic resistance at long wavelengths, becomes an impor-
tant factor in resistances at short wavelengths.

The resistance per unit length of a solid cylindrical conductor
isd..’a.ﬂ

Pp J,(Pa)
X 10— ——— (IT1-16)
27a J1(Pa)

R,=R,

in which

resistance in ohms per cm length

“real part of”

Bessel function of order n

radius of conductor in cm

resistivity of the conductor in microhm - em

1/ uf _
27 — (1 =)
p X 103

1 = magnetic permeability
f = frequency in cycles per second

i=v—1

> a3

v
Il

Conductors at short wavelengths generally fall into one of two classes:
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(1) Those for which the skin effect is small. These generally
have very high resistivities or very small diameters. Thermocouple
heaters are of this class. In this case, Formula (III-16) reduces to

p X107 1 rf i
Ry=—73 1+ —| ma — (II1-17)
wa® 3 p X103

which is valid when

nf
a — <10

(2) Those for which the skin effect is very large. This class
includes all of the good conductors normally used in transmission lines.
In this case, Formula (III-16) becomes

316X 10—
R,=———————— Voppf (I11-18)
a

nf
a — =180
]

Because of the skin effect at short wavelengths, the current in a
good conductor flows almost entirely on the surface of the conductor.
Therefore, the internal inductance becomes negligible compared with
the external inductance. This leads to a very simple and useful formula
for the real part of the characteristic impedance of a transmission
line. When the internal inductance is negligible and r,/oL, << 1, the
phase velocity

which is valid when

1
v=———— (111-19)
VLG,

is equal to the velocity of propagation of light in free space for all
practical purposes. Therefore,

Z, 1 1010
= = (I11-20)
C, vC, 3cC,
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Hence, the real part of the characteristic im-
pedance can be calculated from the capacitance
per unit length of line.

The two types of transmission lines com-
monly used are the parallel-wire line and the
concentric transmission line. The concentric line
has the lower attenuation of the two and, there-
fore, gives the higher impedance when used as
an anti-resonant circuit. Its lower attenuation is
due to its negligible radiation resistance and to
the relatively low resistance of the outer con-
ductor. Whether or not a concentric line has any
radiation resistance at all except that due to an
open end is a controversial point.”-8-? However,
the concentric lines used in this laboratory have
always given higher anti-resonant impedances
than equivalent parallel-wire lines, and no radi-
ation from a concentric line with closed ends has
ever been detected. In some cases it is necessary
to use parallel-wire lines. For example, the split-
anode magnetron requires such a line. Push-pull
devices in general fit naturally into lines which
are balanced with respect to ground. When it
has been desirable to shield a parallel line, the
line has been enclosed in a metallic cylinder.
The cylinder reduces the radiation resistance, but
increases the ohmic resistance because of circu-
lating currents in the cylinder.

IV. MEASUREMENT OF WAVELENGTH

Wavelength is usually measured by reflec-
tion of the waves in free space or by a trans-
mission line. To measure wavelength by reflec-
tion in free space an indicator such as a crystal
detector and microammeter in series is set up
in the vicinity of the source. Then as a plane
metallic reflector is moved in a direction normal
to its surface and roughly in the direction of the
indicator, the positions of the reflector for maxi-
mum readings of the microammeter are noted.
The distance between positions for successive
maxima is a half wavelength.

WwWWW.americanradiohistorv.com

Fig. 2—Transmission-
line wavemeter.


www.americanradiohistory.com

304 Nergaard: Swrvey of U-H-F Measurements

The measurement of wavelength with a transmission line consists
in measuring the distance between the positions of a movable short-
circuit on the line for successive maximum readings of an indicator
loosely coupled to the line. The wavelength is then'®

To 2
,\=2Al|: 1+ < > :| (IV-1)
2L,

where Al = distance between positions for successive maxima

'ro
Usually < ><< 1
2oL,

so that A=2al (1v-2)

Frequently, it is desirable to keep the length of the line to be used as
a wavemeter as short as possible. Then, ideally, the line length is just
a quarter wavelength. In practice. the short-circuit on the line has a
small inductance L, so that the condition for resonance is

L, 2nl,
ol — cot =0 (IV-3)
C, A

Because L is small, it is permissible to write

C, ' C,
oL = tan oL
L, L,

in which case (IV-3) becomes

2xl, c, P L
cot + oL =cot—| I, + — J=0 (IV-4)
A L, A L,

Then the wavelength is
L
A=4\l,+— (IV-5)

o

Figure 2 is a photograph of a wavemeter using this principle. A crystal
detector and microammeter in series, capacitively coupled to the open
end of the line, are used as an indicator. Figure 3 is the calibration
curve of this wavemeter. Notice the correction resulting from the
inductance of the short-circuit. The ind' ctance in this case is
L = 8.8 X 10— henry.
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V. MEASUREMENT OF POWER

In general, the requirements of a device for measuring power at
short wavelengths are:

(1) It should have adequate sensitivity.

(2) Its resistance should be high so that substantially all the
power is dissipated in the device and a negligible amount in
other circuit resistances.

(3) It should be free from stray capacitances and inductances

which make it difficult to match the impedance of the device to
the impedance of the source.

140,

WAVELENGTH = CM, _
»

A

0 4 12 [ 20 24 28 32
LENGTH OF LINE — CM.

Fig. 3—Calibration of the transmission-
line wavemeter.

(4) The calibration should be independent of frequency so that
calibration at a low frequency, say 60 cycles per second, is
possible.

For powers less than one watt the vacuum thermocouple has been
found to be the most satisfactory power-measuring device. Thermo-
couples for this purpose have been built.!! The salient features of
these thermocouples are:

(1) The heaters are short and straight so that the current is
uniform along the length of the heater within 1 per cent for
wavelengths above A =18 cm.

(2) The heater resistances are large compared to the circuit
resistances likely to be encountered in practical circuits. The
resistances range between 5 and 1000 ohms depending on the
type of heater used.
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(8) The couple and its leads are arranged in an acute V perpen-
dicular to the axis of the heater to minimize coupling between
the heater and couple circuits.

(4) The couple and heater are supported by the leads through the
radial seal of the acorn-type bulb. No glass beads or spacers
are used to support the elements. The most troublesome shunt-
ing capacitance is thereby eliminated. The thermocouples hav-
ing a heater resistance of 1000 ohms described in an earlier
paper!! had glass beads to support the elements. These couples
have now been made without beads.

(5) These thermocouples have been made with sufficient sensitivity
to measure 0.1 milliwatt.

D-C CALIBRATION OF LABORATORY VACUUM THERMOCOUPLE R-446-4
a

3 /

N
< e

el

N

-

/

. COUPLE EMF IN MILLIVOLTS
N PO TR

va

4 .5 3 4 I 20 30 4

. 2 5
HEATER POWER IN MILLIWATTS

Fig. 4—D-C calibration of laboratory vacuum thermocouple R-446-4. The
couple e.m.f. was read on a meter of 10 ohms resistance.

Figure 4 is the calibration curve of one of the more sensitive thermo-
couples. This thermocouple has a carbon heater of 0.0003-inch diameter
and an iron and gold-palladium couple, both the iron and gold-palladium
wires having a diameter of 0.0005 inch. The heater resistance is 1000
ohms.

Vacuum thermocouples of the type just described cannot be con-
structed to dissipate powers in excess of one watt without sacrificing
their desirable characteristics. To dissipate considerable power with-
out burning out the heater and couple, the area of the heater must be
made large. This can be accomplished by using an undesirably low
heater resistance, or by making the heater long and of small diameter,
in which case the current is no longer uniform throughout the length
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of the heater and the use of a low-frequency calibration is impossible.
To overcome these difficulties, indirectly heated thermocouples have
been built. These “thermocouples” have a long heater of fine wire
enclosed in a metal box of high thermal conductivity. The box then
absorbs all the heat dissipated by the heater, whatever the current dis-
tribution on the heater, and assumes a temperature depending on the
amount of heat dissipated. A thermocouple attached to the outside of
the box measures its temperature. These “thermocouples” require
about 15 minutes to reach a steady-state temperature so they are not
particularly useful when time is a consideration. Figure 5 shows the
calibration curve of such a thermocouple.

: /‘5/‘°/"-v
£s /
3 Ve
2
-
d /
56
z
5
w 4
w
-
a
2
S 3
) 10 s 20 25 30

HEATER POWER IN WATTS

Fig. 5—D-C calibration of laboratory thermo-
couple R-356. The couple e.m.f. was read on
a meter of 10 ohms resistance.

For the measurement of powers of the order of one watt, small
diodes can also be used. In these the power is dissipated in the filament
and the temperature-limited emission serves as a measure of the
power dissipated in the filament. The filament can be made short to
insure a uniform current distribution, and the resistance can be made
of the order of 50 ohms. The anode voltage must be high enough to
insure temperature limitation of the current at all times. The anode
dissipation is, therefore, a limitation which considerably restricts the
range of power which can be measured with such a diode.

For the measurement of powers between 2 watts and 100 watts,
incandescent lamps are quite commonly used. The power to be meas-
ured is dissipated in a lamp and a second lamp run from a 60-cycle
source is adjusted until the two have the same brilliancy. The adjust-
ment is made visually and with considerable accuracy. To, check the
accuracy of the method, measurements were made independently by
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three observers and were found to agree within 5 per cent. Consid-
erable inaccuracy doubtless results from non-uniform heating of the
lamp filament at short wavelengths. However, there is something very
convincing about seeing a lamp brilliantly lighted. A refinement of
this method consists in measuring the light output of a lamp with a
phototube. The lamp and cell as a unit are calibrated at 60 cycles per
second. Figure 6 shows the calibration curve of such a lamp and
phototube.

yd

e

-]

: LA

N\

1]
B\

Ey
A,

POWER -WATTS

%)

N

4

Qo 4 T 2 [} I
CURRENT = MICROAMPERES

Fig. 6—Low-frequency calibration of an in-
candescent lamp and phototube used for
power measurements.

VI. THE MEASUREMENT OF VOLTAGE

The requirements of a good voltmeter are:

(1) It should have adequate sensitivity.

(2) Its input impedance should be high so that it does not perturb
the circuit to which it is connected.

(3) Its calibration should be independent of frequency.

Triode voltmeters have these attributes at long wavelengths so it was
natural to try to use them at ultra-short wavelengths. It was soon
found that they loaded tuned circuits very considerably. As a matter
of fact, their input resistance appeared to be less than 104 ohms at a
wavelength of 100 cm. Because the calibrations of the existing volt-
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"meters were not known, only estimates of impedances could be made
at the time. Diode voltmeters of the type shown in the inset of Figure
7 were then tried. The diodes used had an anode diameter of 0.012
inch and a cathode diameter of 0.0026 inch. These voltmeters were
found to have an input impedance of the order of 10° ohms.

In comparing diode voltmeters at various wavelengths, two sources
of error were found:

(1) A voltage step-up between the external terminals and the
diode electrodes due to series resonance between the lead
inductances and the interelectrode capacitance of the tube.
This error is usually referred to as the resonance error.

(2) A non-linearity in calibration due to the transit time of elec-
trons between cathode and anode.

The resonance error is usually the larger of the two. Fortunately, it
is easier to correct because it is independent of the applied voltage.

Let

L, = the inductance of the leads of the diode

C, = the interelectrode capacitance of the diode

A, = 2rv VL,C; = the resonant wavelength of the diode
v =23 X 10" ¢cm per second
A = the operating wavelength

E, = the voltage across the terminals of the diode

E, = the voltage across the electrodes of the diode

Now L and C are in series, so
E 1 — wLyCy A\ 2
: R < —> (VI-1)

This equation assumes, of course, that A is sufficiently remote from A,
so that the resistance of the leads may be neglected. Once the resonant
wavelength A, has been measured, the reading of the voltmeter is easily
corrected for this error by multiplying the indicated voltage by
1— (A,/A)2 The determination of the resonant wavelength will be
discussed in the section devoted to the measurement of reactance.
The nature of the transit-time error can be seen from the following
argument: Consider a diode and condenser connected across a source
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of constant high-frequency voltage. When the voltage is applied, the-
diode will pass current on the positive peaks of voltage and charge the
condenser. As the charge on the condenser increases, the peak positive
swing across the diode electrodes decreases. If the time of transit of
the electrons were zero, the condenser would charge up to the peak
value of the alternating voltage, i.e., until the electrons at the cathode
felt no accelerating force at any part of the cycle. Actually, the transit
time is not zero so the condenser will charge only to such a voltage
that electrons just fail to reach the anode before their velocity becomes
zero because of the retarding field on the inverse half-cycle. Since the
condenser does not charge to the peak of the alternating voltage when
the transit time is appreciable, the voltmeter reads low. Actual volt-
meters have a resistance across the condenser. However, when the
time ‘constant of the resistor-capacitor combination is large com-
pared to the period of the applied voltage, the resistance changes the
picture inappreciably. This point has been checked by using an elec-
trometer in place of the resistor and microammeter. Because the
finite transit-time makes the diode cut off at a lower voltage at short
wavelengths than at long wavelengths, this effect is sometimes ecalled
premature cut-off.

The transit-time error was first studied theoretically.!!-1%13 The
analysis led to the following approximate formula for the error in
cylindrical diodes.

AE TKd
= (VI-2)
E AVE

in which

AE = the error in peak volts
E =the applied peak voltage
d = the spacing between cathode and anode in em
A = the wavelength in cm
I' =u constant to be determined experimentally

K = a function of the ratio of anode diameter to cathode
diameter which, in effect, reduces a cylindrical
diode to an equivalent parallel-plane diode!4

Because all voltmeters suffer transit-time errors, no standard
voltage could be established. Therefore, the formula had to be verified
and the constant I' determined by comparing voltmeters of different
spacings. To accomplish this a series of diodes of different spacings
was built. To verify the dependence of error with wavelength and
time constant of the resistance-condenser combination is large com-
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voltage, the discrepancy in readings of a pair of voltmeters employing
two of the diodes was measured as a function of wavelength and volt-
age. To verify the variation of error with spacing and to determine
the constant I', the discrepancy in readings between each diode of the
series and a “standard” diode was measured. This procedure made it
possible to plot I’ in Equation (VI-2) as a function of Kd. A straight
line resulted. The slope I" had the value of 562 volts*,

In Figure 7 are shown the calibration curves at two wavelengths
of a diode voltmeter employing a diode having an anode diameter of

100 / /
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Fig. 7—Calibration of laboratory diode R-353 as a peak voltmeter.

0.009 inch and cathode diameter of 0.0026 inch. Note that the
resonance error is by far the larger of the two errors. For this diode
the resonance correction is 1 —(25/1)? and the premature cut-off cor-
rection is AE =—17.5 VE/®

In making voltage measurements on parallel-wire transmission
lines, it is advantageous to have a balanced voltmeter. Figure 8 shows
the schematic circuit diagram of such a voltmeter. It will be noticed
that each cathode return has its own resistor. If the diodes were per-
fectly matched and the line perfectly balanced, the cathodes could be
returned to ground through a common resistor. However, if these
conditions do not obtain, one of the diodes will cut off before the other
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and the indicated voltage will be merely the voltage from one side of
the line to ground. When separate resistors are used, this difficulty
is overcome and the indicated voltage is the total voltage between the
lines.

The RCA-955 “acorn” triode with grid and anode tied together is
frequently used as a diode voltmeter. Its resonance and premature
cut-off corrections, respectively, are approximately 1 —(40/))? and
AE =—30 VE/X. While the RCA-955 is not quite as satisfactory as
a diode built for the purpose of measuring voltage, its ruggedness and
ready availability make it very useful for this purpose.

A thermocouple in series with a resistance has also been used as a
voltmeter. The thermocouple had a short heater of 0.002-inch carbon
wire and, therefore, had no appreciable skin-effect. Hence, the low-
frequency calibration could be used to determine the current through

DIODE
‘®T‘\}\m
500 MUF =
= MICRO-
S00LUF AMMETER
_<Ei %) | MEG.
DIODE

Fig. 8—Schematic diagram of a
balanced diode voltmeter.

the heater. This voltmeter was checked against a diode voltmeter at
A =184 cm and the current through the heater was found to be a
linear function of the applied voltage. Whereas the measured value
of the resistance in series with the thermocouple was 40,000 ohms for
direct current, the apparent resistance of the voltmeter obtained by
dividing the applied voltage by the current through the thermocouple
was only 14,300 ohms. This decrease in resistance is due to the stray
capacitances of the resistor. The writer would hesitate to use such a
voltmeter without a calibration made with the resistance and thermo-
couple in the exact positions in which they are to be used. With such
a voltmeter extreme care must be taken to prevent stray fields from
reaching the couple circuit. Because the couple circuit has a very low
resistance compared to the heater circuit, a stray field which does not
affect the heater circuit appreciably can cause large circulating cur-
rents in the couple circuit. Such currents greatly disturb the calibra-
tion of the instrument and may have dire effects on the thermocouple.
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The writer recently burned out three thermocouples in ten minutes
before he obtained shielding enough to make operation safe for the
thermocouples.

It is sometimes necessary to obtain known voltages whose magni-
tudes are smaller than those which can bz measured with existing
voltmeters. For instance, it may be necessary to calibrate a crystal
detector to be used in field-strength measurements. To provide such
voltages, a capacitance attenuator has been built. This attenuator
consists of two paralle], circular condenser plates enclosed in a con-
centric cylinder. The capacitance between plates in such a condenser
varies as'® exp (—K, 2/a) when z/a >1
where

z = spacing between plates in cm
a = radius of enclosing cylinder in cm
K, = first root of the zero-order Bessel function
= 2.405

The spacing between plates in the attenuator is varied by means of a
micrometer screw. The radius of the enclosing cylinder and the pitch
of the micrometer thread were so chosen that the capacitance changes
by a factor of ten for ten turns of the micrometer head. The dimen-
sions were made small so that an attenuation range of 100 to 1 can
be obtained at a wavelength of 50 em with a spacing between con-
denser plates less than a tenth of a wavelength. This prevents errors
due to the radiation field which attenuates less rapidly than the induc-
tion field. The attenuator has been calibrated at wavelengths of 151,
129, and 112 ecm and the attenuation has been found to agree with the
calculated attenuation.

VII. THE MEASUREMENT OF REACTANCE

Reactance is usually measured by connecting the unknown reactance
across one end of a transmission line, coupling the line loosely to a
generator, and tuning the circuit to resonance by varying the length
of the transmission line. If the unknown reactance X is tuned to
resonance with a short-circuited line, the reactance is

L, 27l,
X=— tan (VII-1)
C, A

It may be r{ecessary to take into account the inductance of the “short
circuit”. This can be done as described in the section on the measure-
ment. of wavelength. If an open-ended line is used, the reactance is
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L, 2nl,
X= cot (VII-1-a)
c, A

This method is usually simple and straightforward and is perhaps
best demonstrated by example.

As a first example, consider the measurement of the resonant wave-
length of a diode of the type described in the discussion of voltmeters.
Before apparatus is set up, it is usually advantageous to theorize
briefly in order to determine what is required of the apparatus. The
reactance of a diode is

1

X=0)L‘—

oCy

Therefore, the condition for resonance when a short-circuited line is
used is

1 L, 2n L
oLy — =— tun I, + (VII-2)
de CD A Lo

The correction for the inductance of the “short-circuit” has been
included.

Now we can write

1 1 2rvL, A\ 2
oLy —— =owl,| 1— = 1— | —
(J)Ca (!)"!Lacd A - t\r

On substituting this relation in Equation (VII-2), we obtain

c, A2

. 1—

L, A,
Ly A \¢2

=+ 27 —_ -1 (VII-3)
L, A,

Therefore, if we plot (A tan2n/A) (I, + L/L,) versus \%, we should
obtain a straight line.
The intercept on the A? axis is A,%, and the slope is

2nr L‘
Ar L,

2n L
Atan— | I, + — ) = —2nvl,
A L,

S=
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Hence, the series inductance of the diode is

Al
Li=—"sL, (VIL-4)
2n

Finally, we can obtain the interelectrode capacitance of the diode from
the relation
A2

(VII-5)
(27v) 2L,

To determine A,, L,, and C,;, we require the following data:
(1) The inductance per unit length L, of the line
(2) The inductance L of the “short circuit”

(3) The length of line [, for resonance for a series of values of the
wavelength A

To obtain these data, a transmission line consisting of two 34-inch
copper tubes with a center-to-center spacing of 34 inch was used. For
this line

C,=2.11 X 10— farad per cm

L,=5.26 X 10—° henry per cm
VL,C,= 158 ohms

The length of the line could be varied by moving a movable short-
circuit. The inductance of the short circuit was determined in the
manner described in connection with wavemeters, and was found to
be L =05.89 X 10—% henry. Then, the correction in length for this
inductance was L/L, =1.12 cm. The diode was connected to the open
end of the line. In this case it was convenient to use the diode as an
indicator of resonance. In order to avoid extraneous effects due to the
.filament leads of the diode, these leads were brought through one of
the copper conductors of the transmission line to the inactive part of
the line which was essentially at ground potential. The length of the
line for resonance as a function of wavelength was then measured,
and (A tan 2x/X) (I, + L/L,) plotted against A% Figure 9 shows this
plot. The intercept on the A* axis is 550. Therefore, the resonant
wavelength is A, = V550 = 23.4 ecm. The slope of the line is S = 4.67
X 10—2 em~!, Hence, from Equation (VII-4), the diode inductance is

(23.4)*

Li=——X 467X 102X 5.26 X 107 =2.15 X 10—* henry
27
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and the capacitance, from Equation (VII-5) is

(23.4)2
Cy= =0.719 X 102 farad
(27 X 3 X 101%)2 X 2,15 X 108

Summarizing these results, we have

r = 23.4 cm = resonant wavelength of diode
L;=2.15 X 10— henry = inductance of diode leads
C¢ =0.719 X 1072 farad = interelectrode capacitance

As a second example, we shall consider the calibration of a sym-
metrical variable condenser used in resistance measurements.

q yd

L

b
A A

xZ
Fig. 9—Determination of the resonant
wavelength of a diode.

The condenser is essentially a concentric cylinder condenser with
the outer conductor split symmetrically into two electrodes. The inner
cylinder has a diameter of 5/16 inch; and the outer conductor has a
diameter of 3/8 inch. The angular aperture of the slits dividing the.
outer conductor into two segments is 60 degrees. The capacitance
between the two segments is varied by moving the central cylinder
axially with a micrometer screw. When the segments of the outer cylin-
der are connected across a symmetrical circuit, the central conductor,
which is not connected to either segment, assumes ground potential
and may be connected to ground if advantageous.

The purpose of the measurement to be described was to determine
the change in capacitance between electrodes per division on the
micrometer head. Figure 10 is a photograph of this condenser. The
condenser was mounted at the end of the transmission line used in
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* the previous example. The voltmeter was left in place to indicate
resonance. The capacitance of the condenser can be written

C,+t-Cy (VII-6)

in which
C, =the zero capacitance
C. = the capacitance per division of the micrometer
head of the condenser
t = reading of the micrometer

e, W
it

Fig. 10—Balanced condenser for the measure-
ment of resistance by the reactance-variation
method.

The diode voltmeter was in parallel with the condenser, so the reactance
of the combination was

X= (VII-T)

—0(Cy+t-Cy) +—

‘»Ld -
Be
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During the calibration at a given wavelength, all of the quantities
except ¢ in this expression are constant. Hence, for convenience, Equa-
tion (VII-7) can be written

1
X = - (VII-8)
—-wC:_)(t + A)

Then the equation (VII-1) for resonance becomes

1 L, 27 L
- - = tan— | 1, +
wCr_)(t + A) Co A Lo
or
2 L L—o 27 C,
cot —1{ I, + = wC, t+A4A)=——10 (t+4)
A L, C, A C,

(VII-9)

Therefore, when cot 2 (l, + L/L,) /) is plotted against ¢, a straight
line results, the slope of which is

2 02

A C,

Then the required capacitance is

C, (VII-10)

The measurement consists in measuring ! as a function of t. Figure

11 is a plot of cot 2= (I, + L/L,) /A versus t at a wavelength of 98.4 cm.
The slope of the line is

8§ =146 X 10~

Therefore, the capacitance per division on the micrometer head is

98.4 X 1.46 X 10
Co=— o — X 2.11 X 1013 = 4,82 X 10~ farads
X4

A calibration was made at a wavelength of 308 cm ; the result checked
the value found above within one per cent, which is within the experi-
mental accuracy.
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VIII. THE MEASUREMENT OF RESISTANCE

Resistance has been measured by three methods:
(1) Substitution method
(2) Resistance-variation method
(3) Reactance-variation method

At short wavelengths all of these methods employ a tuned circuit
loosely coupled to a generator. This arrangement is equivalent to con-
necting the tuned circuit in series with a very high impedance across

07

~

.Jl_, /
/

27
coT . (!
(2]
o
\z

0o 250 500 750 1000 1250
DIVISIONS ON MICROMETER HEAD

Fig. 11—Determination of the calibration
of the balanced condenser.
a constant-voltage generator. Then the voltage developed across the
tuned circuit is proportional to its impedance.

J. M. Miller and B. Salzberg of this laboratory have used the sub-
stitution method to study commercial resistors at frequencies up to
250 megacycles and to measure dielectric losses.’®* In this case, the
tuned circuit consists of a transmission line of low characteristic
impedance, terminated by a short circuit at one end and by a capaci-
tance at the other end. The voltage distribution along the line is then

2wl

sin

E=F, (VIII-1)
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where
l;, = the total length of line
E, = the voltage at [,
I = the distance from the short circuit to any point on the line
E = the voltage at [

If a resistance R is placed across the line at [ and the current through
the resistor is inappreciable compared to the circulating current in the
line at that point, the voltage distribution will not be altered. When
the circuit is resonant, the circulating current is very high so that
resistances as low as 8,000 ohms can be placed across the line without
disturbing the voltage distribution. The power dissipated in the
resistor is

27l 2
sin
E? E? A
We——e=—vvrn -
R R 2zl
sin
A

The same power would be dissipated in a resistor R; at the end of
the line if

Ry=R | ——— (VIII-2)

A

Therefore, placing a resistor R at ! is equivalent to placing a resistor
R, at the end of the line. This assumes that the equivalent resistance
R, is small compared to the resonant impedance of the line alone. In
the line used by Miller and Salzberg, I, << A/4 so that

l 2
R, =R< - > - (V1II-3)
l
A series of resistors of various values were placed across the line at
such positions that R, remained constant, as evidenced by the constant
reading of a vacuum-tube voltmeter across the line. For low values
of the particular type of resistor used, they found the resistance
measured at low frequencies in agreement with Equation (VIII-3).
Since it is quite unlikely that these resistors should all have the
same percentage error, they assumed that the high-frequency values
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were the same as the low frequency. Having thus established a
number of standard resistances, other resistors were measured by
comparing them with the standards through relation (VIII-3). It was
possible by this means to measure very high values of resistance.
It is of interest to note that certain l4-watt resistors of the ceramic
type, in the resistance range from 10,000 to 100,000 ohms, show less
than 10 per cent deviation from their low-frequency values up to 250
megacycles.

The resistance-variation method consists in placing the unknown
resistance and a voltmeter across a resonant circuit which is loosely
coupled to a generator. The voltage across the tuned circuit is then
read. A known resistance is added across the circuit and the voltage
is again read. Since the voltage across a loosely coupled circuit is
proportional to the impedance, the unknown resistance has a value

E,
R, =R, -1 (VIII-4)

in which
R, = the unknown resistance
R, = the known resistance
E,=the voltage with the unknown resistance across the
circuit
E, = .he voltage with the known and unknown resistances
in parallel across the circuit

If the resonant impedance of the tuned circuit is comparable to the
unknown resistance, the circuit impedance must be taken into account.
The resonant impedance can be measured by the same method. This
method has been useful for wavelengths greater than 120 cm (f < 250
Mec) where the work of Miller and Salzberg has provided a series of
known resistances.
The reactance-variation method takes three forms at short wave-

lengths:

(1) The capacitance-variation method

(2) The line-length-variation method

(3) The wavelength-variation method

In all these forms, the unknown resistance is placed across a tuned
circuit, usually a transmission line terminated at one end by a short
circuit and at the other by a capacitance. The tuned circuit is loosely
coupled to a generator and the voltage across the line at some point
is read.
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The capacitance-variation method is perhaps the simplest method
to use. A variable condenser of known calibration is connected across
the circuit. Then the admittance of the circuit is

Y=G+ j(B + oC) (VIII-5)
in which g
G = the parallel conductance of the line and unknown impedance

B = the parallel susceptance of the line and unknown impedance
»C = the susceptance of the condenser

Let mC = mC, + mAC

where C' = the capacitance which makes the circuit resonant.

Then Y=G + .7 [B + oC' + wAC] =G+ ijC (VIII-G)

Now the voltmeter reading is proportional to the magnitude of the
impedance. Therefore

1
— =k [G* +(0AC)?] (VIII-T)

B

where k is a proportionality factor. At resonance, AC =0 and the
voltage E, is given by
1

E,’

E02 oAC 2
=1+ (VIII-8)
E? G

= kG*?

Then

Therefore, when the circuit is detuned until the voitage drops to 0.707
times the voltage at resonance, the resistance of the circuit is equal
to the change in capacitance reactance:

1 1

R=—-=
G oAC

(VIII-9)

The condenser described in Section VII as built for measuring resis-
tances by this method. Because of its symmetrical form, it is particu-
larly usefu] for measuring the resonant impedances of parallel-wire
transmission lines.
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A special transmission line and condenser system has been built
for measuring resistance. This is shown schematically in Figure 12.
Figure 13 is a photograph of the instrument. The system consists of
a concentric transmission line with one end terminated in a short-
circuit and the other terminated in a concentric-cylinder condenser.
The short-circuit is mounted on a brass cylinder which is driven by a
lead screw to make adjustments of line length. A second short-circuit

MICROMETER SECOND VARIABLE

/NEAD /SHORY-CIRCUIY /SHORY-CIRCUIT \CONDENSER
J —

3
\ ™

\

/YRANSMISSION L'NE COUPLING UNKNOWN
TO OSCILLATOR LooP RESISTANCE

Fig. 12—Schematic diagram of a transmission
line and condenser for the measurement of
resistance by the reactance-variation method.

is provided to suppress standing waves on the inactive part of the
line. The inner conductor of the variable condenser is brought back
to the inactive part of the transmission line through the central con-
ductor of the line. A micrometer screw controls the variable condenser.
The change in capacitance of the condenser per turn of the micrometer
head is Cp =4 X 10—* farad when the length of the inner conductor
is very small compared to a wavelength. Since this is usually not
true, the voltage distribution on the condenser must be taken into
account. When this is done the change in capacitance per turn is

2nl

Cr = 4 sec? X 10— where ! is the length of the inner conductor

of the condenser. The line is excited by a small coupling loop near
the short-circuit.

Fig. 13—The transmission line and condenser for the measurement
of resistance.
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Figure 14 shows the resonance curve of a diode voltmeter at a
wavelength of 184 ¢cm measured with this apparatus. R in the figure
is the reading of the micrometer in turns. This curve appears sym-
metrical and of the normal form. However, to check the constancy
of the voltage supply and coupling, the reciprocal of the voltage
squared was plotted against the square of the increment of R from
the value at resonance. This is essentially a plot of Equation (VIII-7).
The curve is shown in Figure 15. This method of plotting gives an
excellent check on the performance of the apparatus. Since the squares
of the pertinent quantities are plotted, any irregularities are doubled.

From the curve it is seen that the intercept is

1
—— = 0.00135

™

v ~

0.4 02 03 ca 0.5 0.6
)

Fig. 14—Resonance curve of a diode
voltmeter across the transmission line
for the measurement of resistance.

) 1
When _E has twice this value

R =+/0.0225 = 0.150

The length of the inner conductor of the condenser was 5.5 cm. Hence,
the resistance of the voltmeter and line is

2xl 27 X 5.5
cos? cos?
A 184
R — —
mCT M AR 271'

X 3 X 10 X 4 X 10— X 0.150
= 157,000 ohms

184
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The length-of-line variation method is very similar to the capaci-
tance-variation method except that the length of a transmission line
instead of the capacitance of a condenser is varied. Let

G = the parallel conductance of the unknown resistor
G, = the parallel conductance of the line
B = the parallel susceptance of the unknown resistor

Then the total admittance of the line and resistor is

C, 2l
Y=G+G,+ij| B— cot (VI1II-10)
L, A

.005 / i
004 : /./
-l /

J

Y 0.0t 0.02 0.03 0.04 0.05 0.06 0.07 0.08
AR 2

Fig. 15—Determination of the input resistance of
a diode voltmeter.

G, is a function of I/A. However, since G, is small, less than 5 X 103
mho for practical transmission lines, its variation with I/A causes no
difficulty in measurements. The reasons will be detailed in connection
with particular applications of the formula. The condition for

resonance is
C, 2xl,
B= cot (VIII-11)
L, A

where [, =the length, which satisfies (VIII-11). Hence, B is deter-
mined by measuring the length for a maximum voltage reading.
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The measurement of G separates conveniently into two cases:

(a)

(b)

The first case is that in which G >> G,. Then G, can be
neglected and Equation (VIII-10) becomes:

C, 27l
Y=G+3| B— cot (VIII-12)
I, A

B in this relation is first measured as outlined above. Then
the line length is changed until the voltage drops to 0.707
times its resonant value, and the line length I, for this con-
dition is measured. The conductance is then

J Co 27?11
G=+4 B— cot (VIII-13)
! L, A

This method has been used to measure the resistance of
thermocouples.

The second case is that in which G and G, are of the same
order of magnitude. Then because both G and G are small, !
can be written

Al
l=1,+ Al

<1

(]

where !, =length of line for resonance. Equation (VIII-10)
then reduces to

C, 2nal 27l,
Y=G+G,+j cse? (VIII-14)
i A A

The conductance of the line and resistor are determined by
changing the length such an amount Al, that the voltage drops
to 0.707 times its resonant value. Then

C, 274l 2xl,
G+ G, = . csc? (VIII-15)
L, A A

During the detuning G, also changes. However, the real and
imaginary parts of Equation (VIII-14) are of the same order
of magnitude. Therefore, the change in G, will be of the order
of G,?, which may be neglected in view of the small magnitude
of G;.
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The latter method is used extensively to determine the impedance of
quarter-wave transmission lines. For such lines Equation (VIII-15)
becomes

7r C, Al
G=— (VIII-16)
2 L, 1,

P. D. Zottu of this laboratory has used this method to determine the
resistance of circular conductors.!” In essence, his method is the fol-
lowing. The inner conductor of a quarter-wave concentric transmis-
sion line was made of the material whose resistance was to be meas-
ured. The impedance of the line was determined from the appropriate
measurements and Equation (VIII-16). The resistance per unit length
of line was determined from Equation (III-8). The resistance per
unit length of the outer conductor of the line, previously determined,
was subtracted from this result. The remainder was the required
resistance. His results are in good agreement with the asymptotic
skin-effect formula (III-18).

The wavelength-variation method is so similar to the other methods
that it will not be described in detail. It is sufficient to say that when
the wavelength has been shifted from the resonant wavelength by an
amount such that the line voltage has dropped to 0.707 times its
resonant value

47l
_ sin
1/ C, 2nl AX, Ao 2l
G+G,= . . 1= csc?
L, X, A, 4nl Xo
Ao

(VIII-17)*

in which

G = the conductance of the unknown
G, = the conductance of the line
A, = the resonant wavelength

AAM, =the change in wavelength from A, to reduce the voltage
to 0.707 times its value at resonance.

This formula assumes that G and G, are small, i.e., less than 10— mho.

Mr. G. R. Kilgore of this laboratory has used this method to
measure the resonant impedance of the anode circuit of a magnetron.
An oscillator was loosely coupled to the anode circuit. A second fixed-
frequency oscillator was set up sufficiently remote from the circuit
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to induce no perceptible voltage across the circuit. To measure the
difference in frequency between the two oscillators, a crystal detector
was connected between the ground and antenna terminals of a broad-
cast receiver and the difference in frequency read on the calibrated
tuning dial. The frequency of the oscillator coupled to the magnetron
circuit was varied and the frequency shift from resonance necessary
to reduce the resonant voltage across the line to the 0.707 point was
measured. In this work, Mr. Kilgore found that a slight amount of
unbalance in a parallel-wire line greatly reduces the resonant imped-
ance, as much as 50 per cent in some cases. This reduction in
impedance is apparently due to the increase in the radiation resistance
of the line with unbalance.

In the course of his experimental work on the measurement of
impedance, the writer encountered an anomoly which may consider-
ably trouble others. He found that resonance curves in some instances
were asymmetrical near the resonance point. The theory was care-
fully checked and no trace of such an asymmetry was disclosed. The
difficulty finally was traced to the circuit coupling the generator to
the measuring circuit. The coupling circuit had a very high resonant
impedance. Therefore, when it was tuned slightly off-resonance where
the slope of the curve was very steep, any slight reaction of the
measuring line on the circuit detuned it sufficiently to reduce its cir-
culating current appreciably. When the coupling circuit was loaded
with resistance and tuned to resonance, the difficulty was completely
eliminated.

IX. THE MEASUREMENT OF CURRENT

The writer and his associates have had little occasion to measure
current at ultra-short wavelengths. In the past, measurements of
voltage, reactance, and resistance have given all the required informa-
tion. Therefore, the measurement of current lacks the background of
experience which the other measurements have. However, it is appar-
ent that instruments and a technique for measuring current will be
convenient if not necessary in the future. With this in mind, some
work on the measurement of current has been done.

The attributes of a satisfactory device for the measurement of
current are:

(1) It should have adequate sensitivity
(2) It should have a low resistance

(38) The calibration should be independent of frequency so that
the device may be calibrated at 60 cycles per second
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The vacuum thermocouple has these attributes in the low-current
range. The most sensitive short-wave thermocouple described in
Section V will measure a current of 1 milliampere. The resistance of
this thermocouple is 1000 ohms, which is not low. However, if a
similar thermocouple were built for current measurement, the resis-
tance could be reduced about 50 per cent without seriously reducing
the sensitivity. For higher-current ranges, the sensitivity and low-
resistance requirements are easily met.

The factors which make the calibration of a thermocouple depend-
ent upon the wavelength of operation are:

(1) The current distribution along the heater
(2) The change in heater resistance. due to skin effect

The effect of current distribution along the heater can be taken care
of in the same manner in which it was taken care of in the case of
power-measuring thermocouples, namely, by making the heater short.
Since it is desirable to have a low heater resistance in the case of
current-measuring thermocouples, the problem is simpler than in the
case of power-measuring thermocouples in which a high heater
resistance is desirable. Past experience indicates that a thermocouple
with 1-ma sensitivity and a heater length of 4 mm can be built. Such
a thermocouple would have less than one per cent error due to current
distribution for A > 9 em.

For the measurement of current it is particularly desirable that
the thermocouple heater have no skin-effect. A thermocouple depends
on the temperature rise of the junction for its operation. Therefore,
the resistivity of the heater varies widely over the operating range
of the device. The resistance of a conductor having appreciable skin-
effect does not vary linearly with the resistivity. Hence, the skin-
effect correction varies not only with frequency, but also with the
amount of power being dissipated in the conductor. Consequently, a
thermocouple to be used for current measurement which has appre-
ciable skin-effect must have its resistance measured over the entire
operating range at each frequency at which it is to be used. Such an
instrument would be quite inconvenient to calibrate.

From Equation (III-17) it can be readily shown that in order
that skin-effect in a solid cylindrical conductor give rise to less than
1 per cent increase in resistance over the d-c value, the following

relation must obtain
o
a — < 4.27 (IX-1)
P
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For the materials used as heaters in thermocouples
p=1
so Equation (IX-1) can be written
f
a®— < 18.2 (IX-2)
P

Now the resistance per unit length of a cylindrical conductor is

R, =

; X 10—¢ ohms cm—! (IX-3)
e

The substitution of this relation in Equation (IX-2) gives
R,> 1.75f X 10— ohm cm—! (IX-4)

as the condition that skin-effect be negligible. Therefore, the condition
that the resistance of a cylindrical conductor differ by less than one
per cent from the d-c value at any wavelength above 1 cm is that

R,> 525 ohm cm—! (IX-5)

i.e.,, that the resistance per unit length exceed 525 ohms per cm.!?
This condition is satisfied by most carbon conductors of less than
0.002 inch diameter. Therefore, skin-effect is a minor problem in low-
current thermocouples.

As noted in Section VIII, the resistance of a few thermocouples at
short wavelengths has been measured. Some of these thermocouples
had carbon heaters. For these thermocouples no deviation from the
d-c resistance was found. Perhaps the results should be construed
as a check on the method of measurement.

For currents exceeding 100 ma, the skin-effect in solid conductors
becomes troublesome. Circuits carrying high currents are usually
low-resistance circuits. Therefore, the resistance of a thermocouple
to be placed in such a circuit must be very low if it is not to perturb
the circuit. It is readily seen from relation (IX-4) that a solid con-
ductor must have a high resistance per unit length if skin-effect is
to be inappreciable. Hence, the solid conductor is inherently unsuited
for low values of resistance without skin-effect.

The best solution to the problem of measuring currents exceeding
100 ma appears to be the measurement of the voltage drop across a
low resistance placed in the circuit. Thermocouples having heater
resistances of the order of 100 ohms with no appreciable skin-effect
will readily measure voltages of the order of 0.1 volt. It is therefore
feasible to measure currents as low as 100 ma by this method with
an added series resistance of only one ohm.
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X. CONCLUSION

Methods for the measurement of wavelength, voltage, current,
power, resistance, and reactance have been described. All of these
methods with the exception of that for the measurement of current
have been in daily use for several years. Therefore, they represent
a large background of practical experience. No doubt the future will
bring many improvements in both methods and technique. However,
the writer feels that the methods of the future will be fundamentally
the same as those of the present. After all, they are merely adapta-
tions of the methods described in that familiar measurement classic,
Bulletin 74 of the Bureau of Standards.

The writer gratefully acknowledges that he has drawn freely on
the ideas and experience of his colleagues, Dr. J. M. Miller, Dr. A. V.
Haeff, Mr. G. R. Kilgore, and Mr. P. D. Zottu. The specific references
to their work in no way define the extent of their contributions to
the work reported in this paper.

* APPENDIX A
List of Symbols

A = a constant
a = radius of a conductor in cm
B = susceptance in mhos
C, = interelectrode capacitance of a diode
C, = capacitance per unit length of transmission line in
farads - em—!
Cp = capacitance per turn of a micrometer condenser
d = interelectrode spacing of a diode in cm
E, = voltage across the receiving end of a transmission line in
volts
E,=voltage across the sending end of a transmission line in
volts
G = conductance in mhos
G, = sending-end conductance of a transmission line in mhos
G, = leakage conductance per unit length of transmission line in
mhos cm—!
I, =current at the receiving end of a transmission line in
amperes
I, = current at the sending end of a transmission line in amperes
J, () = Bessel function of order n
K —a function of the ratio of anode diameter to cathode diam-
eter which, in effect, reduces a cylindrical diode to a
parallel-plane diode
K, = first root of zero-order Bessel function = 2.405
L, = inductance of the leads of a diode in henrys
L, = inductance per unit length of transmission line in
henrys : cm™!
! =length of a transmission line in cm
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I, = that length of transmission line which makes a circuit
resonant

m = propagation constant of a transmission line in em—! =
a+JB

uf
P= 2z — (1 —j) em™?
p X 108

R, = “real part of”
R, = resistance per unit length of a conductor in chm cm™!
r, = total resistance per unit length of transmission line (per
loop ¢cm) in ohms - ¢cm—!
S =the slope of a curve
v = phase velocity of a wave on a transmission line in cm - sec™!
Z,,:character.isstic impedance of a transmission line in ohms
=y—1
Z,=impedance across the receiving end of a transmission line
in ohms
Z, = impedance looking into the sendinz end of a transmission
line in ohms
z =spacing between condenser plates of attenuator (Section
VI) in ecm
a = attenuation constant of a transmission line in cm™!
B = phase constant of a transmission line in cm™!
T’ = diode voltmeter transit-time error constant (Section VI)
in volts®
vy =real component of the characteristic impedance of a trans-
mission line in ochms
A = an increment, for example, Al = increment in length
8§ = reactive component of the characteristic impedance of a
transmission line in ohms
e == base of Napierian logarithms
A = wavelength in cm
A, = resonant wavelength of a circuit in em
u = magnetic permeability; when used as prefix, denotes micro-
p = resistivity in microhm cm
w = 27rf
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9 S. A. Schelkunoff, “Some Equivalence Theorems of Electromagnetics
and Their Application to Radiation Problems”, BSTJ, Vol. 15, No. 1, p. 92,
January (1936).

19 August Hund, “Theory of the Determination of Ultra-Radio Fre-
quencies by Standing Waves on Wires”, Scientific Papers of the Bureau of
Standards, No. 491.

1 L. S. Nergaard, “Electrical Measurements at Wavelengths Less than
Two Meters”, Proc. I.R.E., Vol. 24, No. 9, p. 1207, September (1936).

12 C. L. Fortescue, “Thermionic Voltmeters for Use at Very High Fre-
quencies”, Jour. I.E.E., Vol. 77, No. 456, p. 429, September (1935).

BE. C. S. Megaw, “Voltage Measurement at Very High Frequencies”,
Wireless Enginecr,

PartI, Vol. 13, No. 149, p. 65, February (1936).
Part II, Vol. 13, No. 150, p. 135, March (1936).
Part II, Vol. 13, No. 151, p. 201, April (1936).

4 W. R. Ferris, “Input Resistance of Vacuum Tubes as Ultra-High-
Frequency Amplifiers”, Proc. I.R.E., Vol. 24, No. 1, p. 82, January (1936).

18 The potential distribution between the inside of a cylinder and a disc
electrode within the cylinder was studied by W. Schottky and J. v. Issen-
dorf, Zeit. f. Physik, Vol. 31, pp. 163-201, (1925). They obtained the rela-
tion

r - a
V:V.J- (Kx—- (-]
a

for the potential V at any point (», Z) in terms of the potential V. at
point (0, 0). The particular type of attenuator described in the present
paper was described to me by J. F. Dreyer, Jr., formerly of this Company,
in 1934. He had used it some years previously in measurement work.
Similar attenuators are described in a paper entitled, “The Design and
Testing of Multi-range Receivers”, by D. E. Harnett and N. P. Case, Proc.
IL.R.E., Vol. 23, No. 6, p. 578, June (1935).

16J. M. Miller and B. Salzberg, “Measurements of Admittances at
Ultra-High Frequencies”, RCA-Review, April, 1939.

17 P, D. Zottu, “Resistance and Permeability Measurements at Ultra-
High Frequencies”, presented at U.R.S.I. meeting, April, 1938.

* Use + sign when B = «C and — sign when B = —1/uL,

19 These considerations were discussed in 1934 by P. D. Zottu in an
unpublished paper entitled “Memorandum on High-Frequency Resistance
with Negligible Skin-Effect”.
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VACUUM TUBES OF SMALL DIMENSIONS FOR USE
AT EXTREMELY HIGH FREQUENCIES*

By

B. J. THOMPSON AND G. M. ROSE, JR.
Research and Engineering Department, RCA Manufacturing Company. Inc., }arrison, N. J,

Summary—Thig paper describes the construction and operation of very
small triodes and screen-grid tubes intended for reception at wavelengths
down to 60 centimeters with conventional circuits.

The tubes represent nearly a tenfold reduction in dimensions as com-
pared with conventional receiving tubes, but compare favorably with them
in transconductance and amplification factor. The interelectrode capaci-
tances are only a fraction of those obtained in the larger tubes.

The triodes have been operated in a conventional feed-back oscillator cir-
cuit at a wavelength of 30 centimeters with a plate voltage of 115 volts and
a plate current of & milliamperes.

Receivers have been constructed using the screen-grid tubes which afford
tuned radio-frequency amplification at 100 centimeters and 75 centimeters,

a gain of approximately four per stage being obtained at the longer wave-
length.

INTRODUCTION

tion at wavelengths of less than three meters has been greatly

increased, because of the imminent saturation of the spectrum of
greater wavelengths and of the peculiar properties expected of these
short waves. As a study of radio transmission requires transmitting
and receiving apparatus, much effort has been devoted to the develop-
ment of equipment suitable for such wavelengths, the types of tubes
and circuits used at longer wavelengths having proved unsatisfactory.
It is the purpose of this paper to describe a study of the possibilities
of vacuum tubes of very small physical dimensions for use in radio
reception at wavelengths as short as 60 centimeters.

As the minimum wavelength of commercial radio communication
has been reduced, refinements of the previously existing types of receiv-
ing apparatus have been made, until it is now possible to use either
tuned radio-frequency amplification or superheterodyne amplification
followed by a triode type detector at wavelengths as short as five
meters. It had been found that the vacuum tubes constituted the limit-

]:[N RECENT years interest in the possibilities of radio communica-

* Decimal classification: R331. Presented before I.R.E. Eighth Annual
Convention, Chicago, Illinois, June 26, 1933. Presented before New York
Meeting, October 4, 1933.

Reprinted from Proc. I.R.E., December, 1933.
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ing factors at about ten meters, and subsequent reduction in wave-
length has been made possible by improvements in tube design. In
all of this work the apparatus in use differs from the conventional
long-wave apparatus only in refinement. The limit of the improve-
ments by this method seems definitely to have been reached at about
three to five meters wavelength, due to various characteristics of the
tubes.

As what appeared to be a wall was reached in this refinement of
conventional long-wave apparatus, it was natural that investigators
should seek other and radically different means for reception. By far
the greatest amount of attention has been devoted to the study of
Barkhausen-Kurz! or Gill-Morrell? oscillations, which may readily be
obtained at wavelengths as short as thirty centimeters. Many schemes
for the use of these oscillations in reception have been described, some
of the circuits resembling the well-known superregenerative detector,
others being used as heterodyne detectors, but the majority being more
obscure in their principles of operation.® In general, all use only one
tube—or one stage—at the ultra-high frequency, the amplification
being carried out at an intermediate or low frequency. Other schemes
have been proposed, using oscillating magnetrons, for example,

It is the authors’ experience that these methods all suffer from one
or more serious faults when considered from the standpoint of practical
use. Nearly all of the methods are wasteful of plate power. Many are
insensitive in the extreme. The more sensitive are unstable, in general.
Tuning is broad. The most serious faults shared by all are limitation
of sensitivity, due to the fact that no amplification may be had ahead
of the detector, and radiation from the oscillator which is coupled
directly to the antenna.

The purpose of the work described in this paper was to reduce
the lower wavelength limit of the conventional types of tubes and
circuits in order to obtain their advantages of simplicity at wave-
lengths below one meter.

THEORETICAL CONSIDERATIONS

The limitations imposed on tuned radio-frequency reception at the
present lower wavelength limit are due to a number of factors. These

are:

1 H. Barkhausen and K. Kurz, Phys. Zeit., vol. 21, no. 1; January,
(1920).

2E. W. B. Gill and J. H. Morrell, Phil. Mag., vol. 44, no. 161; July,
(1922).

3 A considerable bibliography on this subject is given by W. H. Wen-
strom, Proc. I.R.E., vol. 20, no. 1, pp. 95-112; January, (1932). The papers
by Hollmann, Uda, Okabe, and Beauvais, in particular, discuss receiving
circuits.
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(1) The interelectrode capacitances of the tube are so great that,
with the addition of the tuning capacitance, the L/C ratio is too low
for a value of impedance sufficient to afford appreciable amplification.

(2) The lead inductances of the tube are so great that much of the
output voltage of the tube appears inside the bulb, where it is unavail-
able.

(3) The interelectrode capacitances and lead inductances form a
tuned circuit at a wavelength well above the limit desired.

(4) The time of transit of the electrons across the space between
electrodes becomes an appreciable part of a period which results in a
reduction in the effective amplification of the tube.

(5) As the wavelength is reduced the radio-frequency resistance of
the circuit is increased with a consequent reduction in resonant im-
pedance.

It will be seen that most of these limitations are associated with
too large a ratio of some fixed characteristic of the tube to those char-
acteristics of the circuit which vary with frequency. These character-
istics of the tube are fixed only for a given design; however, any
change in design which results in lower transconductance, as would be
the case with increased interelectrode spacing to reduce capacitance,
cannot be considered a genuine improvement.

In a vacuum tube, if all linear physical dimensions are kept in a
fixed ratio to each other there will be no change in transconductance,
plate current, or amplification factor at fixed operating voltages, no
matter what changes are made in the actual magnitude of the linear
dimensions. On the other hand, the values of interelectrode capaci-
tance, lead inductance, and time of electron transit are in direct pro-
portion to the magnitude of the linear dimensions.4

These considerations lead directly to the principle on which this
work is based: for optimum design at any wavelength, all tube and
circuit linear dimensions should be in proportion to the wavelength.
This principle is modified in practice since, at longer wavelengths,
there is no advantage in making the tube of large size and it becomes
inconvenient to make the tuned circuit of optimum dimensions.

Unfortunately, it is not to be expected that this proportionality of
dimension will result in constant amplification, since the resonant
impedance, L/RC, is reduced as the wavelength becomes shorter. How-
ever, on the basis of Butterworth’s formulas for high-frequency resis-

4 A statement and proof of part of this may be found in that remark-
able paper by Langmuir and Compton, “Electrical Discharges in Gases,”
Part 11, Rev. Mod. Phys., vol. 3, no. 2, p. 262; April, (1931).
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tance® and Coffin’s formula for inductance, with Rosa’s correction,®
a coil having the following dimensions:

length = 1/8 in.
diameter = 1/8 in.
turns =5
wire diameter = 0.020 in.

should have a resistance of 0.37 ohm and an inductance of 5.87 X 10—*
henry at 50 centimeters wavelength. A capacitance of 1.2 X 10—1!2
farad would be required for resonance, giving an impedance, L/RC
of 132,000 ohms. This high value in comparison to those obtained at
longer wavelengths may be accounted for in part by the fact that the

Fig. 1—Small triode and screen-grid tube compared with a conventional
size 57 type tube. The triode is shown at the left.

coil is of much more nearly optimum design than those used at the
longer wavelengths.

Since tubes of conventional size have been found to have a lower
wavelength limit of about five meters, the principle of proportionality
requires a tenfold reduction of linear dimension to produce a tube
capable of amplification at a wavelength of 50 centimeters.

Both screen-grid tubes and triodes representing such reductions
have been constructed and studied in operation.

5S. Butterworth, Exp. W. & W. Eng., vol. 3, nos. 31, 32, and 34, pp.
203-210; 309-316; 417-424; April, May, and July, (1926).

8 E. B. Rosa and F. W. Grover, Scientific Paper of the Bureau of Stand-
ards No. 169, third edition, pp. 117-122, December, (1916).
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TUBE STRUCTURE

A photograph of these tubes is shown in Figure 1. A conventional
size type 57 tube serves as a standard of comparison. The largest
dimension of either of these small tubes is less than three quarters of
an inch, and the elements themselves are correspondingly small.

Both types of tubes are of parallel plane construction and have
indirectly heated cathodes.

In the triode the parts are sufficiently light in weight to permit
supporting them on their lead wires alone. This has resulted in the
elimination of capacitances which would otherwise be present between
the various elements and the support structure. Both plate and cathode

o] F} = ,/U
A ‘ I /*”f A
Fig. 2—Cross-section view Fig. 3—Cross-section view showing
showing the structure of the structure of the small
the small triode. screen-grid tube.

are of the same shape, consisting of two small metal cups placed back
to back with the grid interposed between them. The cathode cup has
within it a small heater; its outer surface is coated with the emitting
material. The grid is of mesh fastened on a support ring. The inter-
electrode spacings are only a few thousandths of an inch. Figure 2
shows the general construction.

The assembly scheme of the triode cannot be satisfactorily applied
to the screen-grid tube because of mechanical complications arising
from the presence of the second grid. A different method is used which
is productive of a stronger and more rigid assembly. The tetrode parts,
however, are of the same size and shape as those of the triode, with
the addition of the screen grid which is similar to the control grid
though somewhat larger.
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A small ceramic disk serves as a foundation upon which the tube
parts, with the exception of the plate, are assembled. It, therefore, acts
as a common supporting insulator. The correct spacings between the
grids and the cathode are obtained by adjusting their individual dis-
tances from this insulator. As the distance from the plate to the screen
grid is not so critical, the plate is supported by its lead wire from the
glass bulb. The spacings between the other parts is again only a few
thousandths of an inch. The general construction is shown in Fig-

ure 3.

EXTERNAL SHIELD

CONTROL

GRID LEAD PLATE LEAC

SCREEN GRID

Fig. 4—View showing the screening arrangement used with
the small screen-grid tube.

The bulbs used to enclose both types of tubes are in two parts
which are more or less hemispherical in shape. These two parts are
placed together with the mount inside, and a seal is made between
them. All of the triode leads pass through this seal, thereby eliminat-
ing the need for a stem as ordinarily used. In the tetrode separate
seals are made at opposite ends of the bulb for the plate and control-
grid leads while all of the remaining leads come out through the main
seal.

In the case of the tetrode this general arrangement has advantages
from the standpoint of screening. The mount is so placed in the bulb
that its screen grid lies just above the plane of the seal and extends
almost to the glass. It is readily seen from Figure 4 that when the
external shield is placed as indicated the plate is effectively isolated
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from the control grid. The screen-grid lead is quite short ‘and comes
out adjacent to the external shield where it can be readily grounded,
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Fig. 6—Plate characteristics of the small triode.

thus minimizing screen-lead impedance. This holds true for the heater
and cathode leads likewise.
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ELECTRICAL CHARACTERISTICS

From an examination of the static characteristics of the triode,
which are shown in Figures 5 and 6, it is readily seen that these char-
acteristics are directly comparable both as to magnitude and shape
with those of an ordinary triode. Under the operating conditions,
plate voltage = 67.5 volts and grid voltage = —2 volts, the values of
the various parameters are as follows:

Plate current = 4 ma
Plate resistance = 9,500 ohms
Transconductance = 1550 pa/v
Amplification factor = 14.7.

The interelectrode capacitances for these tubes have been measured
as follows:
Grid-cathode capacitance = 0.7 upf
Plate-cathode capacitance = 0.07 uuf
Plate-grid capacitance = 0.8 ppf.

As might be predicted from the results of the measurements on the
triode, the tetrode characteristics are likewise similar to those of the
larger tubes of this sort. A family of plate-current—plate-voltage
curves is shown in Figure 7. Points were not taken for the lower
values of plate voltage because of the excessive values of screen-grid
current. “The mutual family of curves is given in Figure 8. Under the
operating conditions, control-grid voltage = —0.5 volt, screen-grid volt-
age = 67.5 volts, and plate voltage = 135 volts,

Plate current = 4.0 ma
Transconductance = 1100 pa/v
Plate resistance = 360,000 ohms
Amplification factor = 400.

The values of the interelectrode capacitances are:

Input capacitance = 2.5 puf
Output capacitance = 0.5 puf
Plate-grid capacitance = 0.015 ppuf.

OPERATION

Tests have been made upon both the triodes and the screen-grid
tubes to determine how well they will perform in conventional circuits
at wavelengths much lower than the minimum at which ordinary tubes
will function.

The minimum wavelength at which a triode will generate oscilla-
tions offers a means for comparing it with ordinary tubes. The value
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of this minimum wavelength of oscillation is of particular interest
here because it shows how closely a normal feed-back oscillator can
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approach those wavelengths generated almost solely by Barkhausen

tubes and circuits.
An inductive feed-back oscillator was set up whose inductance con-
sisted of several turns of small copper wire wound in a solenoid about
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one-eighth of an inch in diameter tuned only by the tube interelectrode
capaeitances. The circuit is given in Figure 9, while a photograph of

e
i

bl

|1

A

Fig. 9—Circuit diagram of the ultra-high-frequency
oscillator using the small triode.

Fig. 10—Photograph of the ultra-high-frequency oscillator.
Several tuning coils for different wavelengths are shown.

the oscillator is shown in Figure 10. With a coil of six turns very
stable 65-centimeter oscillations were produced with as low as 45 volts
on the plate of the tube. Smaller coils gave shorter wavelengths with
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Fig. 11—Photograph of a tuned radio-frequency receiver for a wave-
length of 100 centimeters.

Fig. 12—Photograph of the complete 100-centimeter receiver arrangement.
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continued stability until a minimum wavelength of slightly below 30
centimeters was reached with a coil of only one turn. Oscillations at
this wavelength could be sustained with as low as 115 volts on the
plate of the tube and with a plate current of approximately 3 milli-
amperes.

Owing to the difficulty of making quantitative measurements of
radio-frequency amplification at wavelengths of one meter and less,
the gain realizable by the use of the screen-grid tubes was determined
by their operation in actual receiving sets. The first set consisted of
two stages of tuned radio-frequency amplification, a detector, and one
stage of audio-frequency amplification. The screen-grid tubes were

Fig. 13—Photograph of the 100-centimeter oscillator.

used in the radio-frequency amplifier stages and the small triodes as
the detector and audio amplifier. The whole set, of which photographs
are shown in Figures 11 and 12, was enclosed in a brass box seven
inches long, three inches high, and three inches wide. Small coils such
as those used in the oscillator tuned by almost equally small variable
condensers constituted the tuned circuits. In order to prevent any
signal pick-up except through the antenna, the batteries and all exter-
nal leads were enclosed in metal shielding. With the set so shielded
there was no trace of oscillation in any of the circuits. The tuning
range of the receiver was from about 95 to about 110 centimeters.
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An oscillator operating at a wavelength of 100 centimeters, con-
sisting of one of the small triodes modulated by a broadcast receiver
and loosely coupled to a half-wave radiator, was set up in an open
area. The total plate power supplied to the oscillator was 68 milli-
watts. Photographs of this transmitter are shown in Figures 13
and 14.

e
Fig. 14—Photograph of the 100-centimeter transmitter.

With the receiver located about 200 feet from the transmitter, sig-
nals of good strength were received with the half-wave receiving
antenna coupled to the input of the first radio-frequency stage but
none could be heard with the antenna coupled directly to the detector.
From other listening tests it was estimated that the gain per stage
was of the order of four.

The second receiver was constructed to operate at 75 centimeters
or thereabouts. This set was not so elaborate as the one previously
described, but more care was taken in placing the tubes so that all
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circuit connections would be shorter than before. It consisted of one
stage of radio-frequency amplification and a grid-leak detector. As
before, the set was enclosed in a small brass box and completely
shielded. Figure 15 shows a photograph of this receiver.

Inasmuch as it was desired to obtain as high a value of input and
coupling circuit impedances as possible, tuning condensers were elim-
inated and use was made of the tube interelectrode capacitances only.
This made it necessary to fix the tuning of the set. The initial tuning
necessary to line up the amplifier and detector circuits at approxi-

A ————— iR A SR p— =
-~y ST T
| - - S

Fig. 16—Photograph of the tuned radio-frequency receiver for a
wavelength of 756 centimeters. The scale is marked in inches.

mately 75 centimeters was accomplished by changing the turn spacing
of the tuning coils, thereby varying their inductances. The frequency
of the transmitter was adjusted by means of a variable condenser
to bring it into tune with the receiver.

Following much the same procedure as before, except that the
distance from oscillator to receiver was less and the tests were carried
out in a large shielded room, the receiver output when the antenna was
coupled to the radio-frequency stage was compared to its output when
the antenna was coupled directly to the detector. Again these com-
parisons were qualitative rather than quantitative. While the con-
tribution of the radio-frequency stage was found to be small, it did
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furnish some gain as evidenced by the increase in output when it was
operating.

CONCLUSION

While no claim is made to optimum design of either tubes or cir-
cuits, it has been demonstrated that it is possible to produce tubes of
small physical dimensions with characteristics which permit radio-
frequency amplifiers, oscillators, and detectors to be used at wave-
lengths well below one meter in the conventional manner. It may be
of interest to consider the significance of these results.

A sensitive, compact, and economical receiver should be only a
problem of design in accordance with well-known principles. For
example, a superheterodyne circuit might be used, with one stage of
radio-frequency amplification to block the local oscillator from the
antenna. The intermediate frequency might well be in the range from
two to five meters, as these tubes should afford excellent amplification
at such wavelengths.

In conclusion the authors wish to point out that the tubes which
have been described were made in the laboratory with the object of
demonstrating certain fundamental principles, rather than of produc-
ing a commercial tube design. However, it is hoped that these prin-
ciples will be of value in the future development of special short-wave
tubes.
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SIMPLE ANTENNAS AND RECEIVER INPUT
CIRCUITS FOR ULTRA-HIGH FREQUENCIES
By

R. S. HoLMES AND A. H. TURNER
RCA Manufacturing Company, Inc., Camden, N. J.

Summary—This paper describes some of the factors affecting the per-
formance of antennas, transmission lines and receiver input circuits. The
effect of antenna selectivity, directivity and gain is discussed, and selec-
tivity curves for some simple antenna arrangements are given. Some of
the factors governing selectivity, gain and signal-to-receiver hiss ratio are
discussed. The discussion covers both narrow and wide band circuits.

SIMPLE ULTRA-HIGH-FREQUENCY RECEIVING ANTENNAS

NTENNAS for ultra-high frequencies are usually complete

A within themselves so that the earth does not form part of the

antenna circuit. However, the strengths of the received sig-

nals are still influenced by the presence of the earth insofar as it

obstructs direct propagation or provides additional indirect paths by

reflection. For best reception it is usually desirable to support the
antenna high above the earth or surrounding obstructions.

The three general types of antennas most frequently used for u.h.f.
are:

1. Half-wave dipoles and dipole arrays.
2. Tilted wires and tilted wire arrays.
8. Open and closed circuit loops.

The half-wave dipole is more popular than any other type of u-h-f
antenna because it is simple to construct and install, and because it
receives more energy than other types of similar dimensions. It is
used as the standard of comparison for all other antenna types. In
its simplest form the dipole consists of a straight wire or rod slightly
shorter than one-half of the wavelength of the desired signal. The
transmission line is usually connected in series with the dipole at a
center opening. However, a shunt connection may be made by con-
necting the transmission line across a part of the continuous con-
ductor. This shunt connection has the disadvantage that the trian-
gular-shaped loop formed by the fanned line and the included part
of the dipole distorts the normally symmetrical dipole directivity
pattern. The directivity pattern of a dipole antenna follows the cosine
law, with minimum pickup in the direction along the antenna axis.

349
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To obtain more signal voltage and at the same time greater directivity,
another dipole slightly longer than the antenna is often placed behind
the antenna to serve as a “reflector” of the received energy. Addi-
tional signal voltage and directivity may be obtained by placing still
another dipole slightly shorter than the antenna out in front to act
as a “director” of the received energy.

The selectivity characteristic of a simple dipole loaded with a
matched transmission line is shown in Figure 1. A reflector increases
the slope of the selectivity characteristic on the low-frequency side of
resonance and a director similarly steepens the high-frequency side.

MEASURED SELECTIVITY CUIVES OF DIPOLE ALONE
AND WITH REFLECTOR OR DIRECTOR

ALL 1% DIAMETER ROD

10 FT. DIPOLE AND
9 FT. DIRECTOR

10 FT. DIPOLE A
Il FT REFLECTOR

10 FT. DIPOLE
ALONE

Mi L
16 16 20 22 24 26 2B 30 32 39 36 38 40 42 43 5’6 4% %o :sv'i'sh S6 56 60 62

Fig. 1.

There are some applications, such as in television services, where
antenna selectivity is undesirable. Therefore, antennas for these serv-
ices should be designed to have a minimum of reactance and a maxi-
mum of radiation resistance. Increasing the conductor size of dipole
antennas reduces their reactance appreciably without much loss of
radiation resistance. Inasmuch as the decrease in reactance results
from a decoupling of the current filaments as these filaments are
spread over a larger surface, the same effect can be approximated by
replacing the continuous conductor surface with small parallel-spaced
wires. This open-grid construction of low-reactance dipoles both
reduces the wind resistance and saves on conductor material.
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The two RCA commercial television-receiver antennas illustrated
in Figure 2 are single dipoles each consisting of two spaced conductors
lying in the same vertical plane and connected in parallel. Antenna A
is shown fitted with reflector dipoles to be used where greater signal
voltage and directivity are required. The two lower curves of Figure 3
indicate the wider frequency response obtained by fanning the simple
dipole as is done in antenna B of Figure 2. Spreading the conductors
as in antenna A makes the response even wider.
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ANTENNAS

/ -

Ve

TRANSMISSION A #
uine—o | /

ANT A
AS. v
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ANTENNA wm:s

JUNCTION BOX

TRANSMISSION
T LINE

Fig. 2.

At television receiver locations where the single dipole and reflector
do not provide sufficient signal, four low-reactance elements, each one-
half wave long, may be combined in series-parallel. As shown in Fig-
ure 3, this combination of four elements increases the received energy
to approximately 21, times that of a single element without increasing
the selectivity. A reflector grid behind the array approximately
doubles the received energy, the same as in the case of a single dipole.

An array of this type consisting of four half-wave fans and
reflector was installed atop the 250-foot RCA antenna tower at the
New York World’s Fair. Figure 4 shows the antenna conductor
arrangement without the complications of supporting members.
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The vertical center-to-center spacing of the fans is usually made
equal to one-half of the wavelength of the most desired signal for
several reasons:

s
9
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Fig. 4.

1. Interference arriving from directly below or directly above

is cancelled in the antenna.

2. The two vertical one-quarter wavelength branch lines con-

necting the main transmission line to each pair of fans can
serve as impedance transformers when necessary.
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3. The horizontal and vertical dimensions in the plane of the
antenna are nearly equal and consequently the horizontal
and vertical directivities are also nearly equal.

The apex-to-apex impedance of one pair of fans with reflector is
approximately 750 ohms at resonance. There are two such impedances
in parallel across the main transmission line. Therefore, no impedance
transformation is required by the branch lines if the main transmission
line has an impedance of 375 ohms. It is interesting to observe that
fanning the elements not only broadens the antenna selectivity curve,
but at the same time brings the end impedance down to a value that
can be matched by the conventional open-wire transmission line with-
out impedance transformers.

Where more antenna selectivity can be tolerated, dipoles can be
arranged in series and in parallel in many other combinations for high
signal gain. However, these combinations require phasing elements
which greatly restrict the useful frequency range of a given array.

Leaving dipoles and considering now the tilted-wire family of
antennas, we find that in general they have high gain and directivity
and very little selectivity. But to be of much value they must be sev-
eral wavelengths long. Consequently they have not been generally used
except in commercial services.

The correct angle of tilt or slope is such that the length of wire is
one-half wavelength greater than its projection along the direction of
propagation. Thus the longer the wire the smaller the angle the wire
should make with the direction of wave propagation in space.

Two sloping wires may be combined to form a balanced V-antenna
lying in the plane of polarization, and two V-antennas may be joined
to form a diamond or rhombic pattern. With the far ends of these
tilted-wire antennas open, they receive signals from the back nearly
as well as from the front because the energy from one direction travels
out to the open ends and is reflected back to the receiver. Resistive
termination may be applied to the open ends if reception from the
back direction is undesired.

In England the phase velocity along tilted wires has been increased
by inserting many capacitors at regular intervals along the wire. This
permits a greater angle of tilt and consequently exposes the wire to a
longer wave-front.

Loop antennas have not been generally used for u-h-f reception
because they offer no advantages over dipoles. For a given resonance
frequency, the loop effective height (and induced voltage) decreases
as the number of turns increases. Thus, the convenience of small
compact loop antennas can not be had without a considerable loss of

WWW.americanradiohistorv.com


www.americanradiohistory.com

354 Holmes, Turner: Receiver Input Circuits for U. H. F.

signal voltage. Furthermore, locating a small loop antenna at the
receiver will usually be found to provide much less signal voltage than
placing the same antenna above the roof.

U-H-F TRANSMISSION LINES

Several types of transmission lines are available to transfer the
signal energy from the antenna to the receiver. Of these the rubber-
insulated twisted-pair lines are the most generally used because they
are inexpensive and easy to install. At 50 megacycles the losses in
these lines vary from about 4 to 10 decibels per hundred feet, the
most expensive having the best rubber and the least loss. Losses of a
typical rubber-insulated twisted pair intended for use with all-wave
receivers are 2.1 and 9.5 decibels per hundred feet at 10 and 66
megacycles, respectively.

For the rubber-insulated lines the dielectric losses and conductor
losses are of the same order of magnitude at ultra-high frequencies.
The conductor loss is inversely proportional to the surge impedance
of the line. All solid dielectrics have more loss than air. Therefore,
for least loss the lines should have little solid dielectric and wide
spacing between conductors (high impedance), with a limit at about
5 per cent of the wavelength to keep line radiation negligible. This,
of course, means that impedance transformers will be required if the
terminating impedances are appreciably lower than the line. Quarter-
wave sections of line are frequently used as impedance transformers,
but have the disadvantage that they introduce frequency selection.
A less selective arrangement is to distribute the impedance trans-
formation over the entire length of the line by varying the line spacing
exponentially, although the type of taper is not very important as
long as there are no abrupt discontinuities along the line.

Coaxial transmission lines with air or solid low-loss dielectric are

used for ultra-high frequencies in special applications, but are usually
more expensive than open-spaced wires having the same loss.

U-H-F RECEIVER INPUT CIRCUITS

The major function of the receiver input circuit is to step up the
voltage of the incoming signal from the antenna transmission line to
the grid of the first tube and to provide selectivity against unwanted
responses and overload from unwanted signals.

For the relatively low modulation frequencies such as are used
for voice and facsimile transmission, single-tuned input circuits may
be used without added circuit loading. This applies to reception of
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any signal where the total frequency swing or band is not greater
than two or three hundred kilocycles. But for television reception, it
is often desirable to pass both audio and video signals of each channel
through a single station selector. This may require a pass-band of
more than 4 megacycles, which may be obtained by using double-tuned
closely-coupled circuits, properly loaded.

The importance of obtaining maximum voltage gain to the grid of
the first tube in ultra-high-frequency receivers should be especially
stressed because it has a direct bearing on the ratio of signal to
internal receiver noise at low signal levels. At lower frequencies the
impedance in the grid circuit of the first tube is usually so high that
thermal-agitation hiss, amplified through the first tube, exceeds the
random hiss of the space current in its plate circuit. But in most
u-h-f receivers, particularly for television, the first-tube grid-circuit
impedance is so low that the space-current hiss predominates. This
means that all gain in signal voltage up to the plate circuit of the first
tube gives a nearly proportionate improvement in signal-to-hiss ratio.
The first-tube grid circuit should, therefore, have an impedance limited
only by tube-input and line-termination losses and should have a
high L/C ratio. This means that the conventional variable-capacitor
tuners used at lower frequencies may advantageously be replaced at
ultra-high frequencies by inductance tuners having much higher
reactance.

Inductance tuners used to obtain maximum grid-circuit impedance
may be placed in three groups:

1. Continuously variable types, tunable by

(a) Changing the effective length of wire in the circuit
with sliding contacts.

(b) Changing the permeability of the core.
(¢) Coupling a shorted turn to the coil.

2. Switch types
(a) Switching coil taps.
(b) Switching in different coils.

3. Continuous coverage, but not continuous in operation
(a) Combinations of No. 1 and No. 2.

The continuously variable sliding-contact type has mechanical and
electrical disadvantages. The variable magnetic-core tuners operate
smoothly as far as they go, but the range is restricted by the variation
in permeability obtainable. This also applies to the shorted-turn
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tuners which are somewhat inferior electrically to the magnetic-core
tuners because they require more wire for a given maximum induec-
tance.

The switch type is simple and reliable, but is not continuously
variable. However, for the many applications where adjacent or widely
separated bands of frequencies are to be received, as in television, the
switch tuner is admirably suited.

Two typical television tuners of the latter type are shown in Fig-
ure 5. The model A switches two sets of coupled-circuit coils and a
set of oscillator coils to five television frequency channels. This
arrangement requires more space than would three coils with five taps,
but permits individual adjustment at each frequency by means of
movable powdered-iron cores.

Fig. 5.

The model B in Figure 5 is of the tapped-coil variety with the
three coils mounted coaxially and surrounding the switch control shaft
and adjacent to the switch wafers. This model provides for tuning
to twelve selected channels, each 6 megacycles wide, between the
frequency limits of 38 and 108 megacycles. The oscillator coil is on
the smaller form at the rear and contains a movable powdered-iron
core operated by an inner control shaft with coaxial knob at the front.
The iron core varies the oscillator frequency 8 to 10 megacycles at
each channel, thus giving the station selector overlapping coverage
for the assigned television stations and random sound stations over
the range 38 to 108 megacycles.

There is another important difference between the models of Fig-
ure 5. Model B has a single untuned low-impedance primary tightly
coupled to the first tuned circuit, the turns of which are shorted by
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the tap switch. The primary has been placed in such a position that
its impedance remains practically constant for all channels. Model A
of Figure 5 contains a separate tuned primary for each channel. This
latter arrangement is more flaxible, but requires more space.
Oscillator frequency stability is an important problem in u-h-f
receivers, particularly if the intermediate-frequency amplifier must
have a very narrow pass-band. Oscillator circuit @ is lower and tube
space-charge effects are more detrimental than at lower frequencies.
The two typical television station selectors of Figure 5 have been used
to feed sound intermediate frequencies into 9 megacycle amplifiers
having pass-bands 50 to 100 kilocycles wide. Model B has a plate-
tuned oscillator circuit with considerable impedance step-down to the

Fig. 6.

grid. The frequency change during the first few minutes of warm-up
is appreciable and occurs because the tube-plate capacitance is too large
a part of the total circuit capacitance. Model A has better frequency
stability at the expense of oscillator output voltage because an 80-
micromicrofarad capacitor is permanently connected across the oscil-
lator circuit.

The RCA type 6J5 triode is used as the local oscillator in both of
these station selectors and easily reaches 120 megacycles in Model B.
For higher frequencies the RCA type 955 acorn-size tube is more
suitable.

Station selection and oscillator circuits for frequencies above 200
megacycles are usually made with distributed instead of lumped con-
stants, partly to obtain lower resistance and partly to obtain circuits
with larger physical dimensions for easier adjustment. The input
circuits of a receiver for 342 megacyeles are shown in Figure 6 and
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the oscillator circuit in Figure 7. The parallel rods form two hairpin
circuits coupled by the reactance of the supporting posts which are
common to both circuits. These circuits are essentially fixed tuned for
one channel 12 megacycles wide.

The oscillator circuit consists of a seven-inch length of one-inch
square tubing with a slightly shorter length of 14-inch diameter tubing
supported inside by a block at one end. The oscillator plate lead enters
the inner tubing near its free end and comes out at the low-potential
end. The cathode and one heater lead connect to the inner tubing
approximately one-fourth of its length from the low-potential end.
The other heater lead enters the inner tubing at the same point. The

Fig. 7.

oscillator grid connects to ground (square tubing) through grid leak
and capacitor.

Oscillator voltage is applied to the push-pull converter tubes (RCA
type 954’s) by connecting their paralleled cathodes to a low-potential
point on the oscillator inner conductor. Accordingly, if the tube
capacitances are well balanced very little oscillator energy gets to the
receiving antenna by way of the push-pull converter grid circuit.

Perhaps just as important as high grid-circuit impedance for maxi-
mum signal-to-hiss ratio are the characteristics of the first tube in the
receiver. The best first tube is not necessarily the tube capable of
giving the greatest voltage gain, but rather the tube with the best
gain per milliampere of space current.

The signal-to-hiss ratio for any type of tube is usually better when
the tube is operated as an amplifier rather than as a frequency con-
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verter. Also, a radio-frequency amplifier stage reduces oscillator
radiation considerably by keeping the oscillator energy from being fed
back into the receiving antenna.

Oscillator radiation from u-h-f receivers without r-f stages is more
serious than that from conventional low-frequency receivers because
of the converter arrangement used to obtain the best possible signal-
to-hiss ratio. At lower frequencies it is customary to apply oscillator
and signal voltages to different converter grids which are usually
shielded from each other so that oscillator energy cannot get to the
antenna by way of the signal grid circuit. But for u-h-f receivers
where converter efficiency is at a premium, better performance can be
obtained by applying both oscillator and signal voltages to the same
grid.
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PART II

MAGNETRON OSCILLATORS FOR THE
GENERATION OF FREQUENCIES s
BETWEEN 300 AND 600 MEGACYCLES=*
By

G. R. KILGORE
Research and Engineering Department, RCA Manufacturing Company, Inc., Harrison, N. J.

Summary—The need for vacuum tube generators capable of delivering
appreciable power at frequencies from 300 to 600 megacycles is pointed out
and the negative resistance magnetron is suggested as one of the more prom-
i8ing generators for this purpose.

An explanation of the negative resistance characteristic in a split-anode
magnetron i8 given by means of a special tube which makes possible the
visual study of electron paths. In this manner it is8 demonstrated how most
of the electrons starting toward the higher potential plate reach the lower
potential plate.

From the static characteristics it is shown how the output, efficiency,
and load resistance can be calculated, and from this analysis it is concluded
that the negative resistance magnetron is essentially a high efficiency device
at low frequencies.

Measurements of efficiency at wltra-high frequencies are given for
several magnetrons under various operating conditions. It is concluded from
these measurements that the decrease of efficiency at very high frequencies
18 mainly due to electron-transit-time effects. A general curve is given show-
ing efficiency as a function of the “transit-time ratio.” This curve indicates
that for a transit time of one-fifteenth of a period, approximately fifty per
cent efficiency 18 possible; for one-tenth of a period, thirty per cent; and for
one-fifth of a period, the efficiency is essentially zero.

Two methods are described for increasing the plate-dissipation limit.
One method 8 that of increasing the effective heat-dissipating area by the
use of an internal circuit of heavy conductors. The other method is that of
a special water-cooling arrangement which also makes use of the internal
circuit construction.

Examples of laboratory tubes are illustrated, including a radiation-
cooled tube which will deliver fifty watts at 550 megacycles and a water-
cooled tube which will deliver 100 watts at 600 megacycles.

I. INTRODUCTION

HE demand for more ultra-high-frequency channels has necessi-
ll tated the development of generators for frequencies of higher
and higher order. This development has progressed in two direc-
tions; the extention of the upper frequency limit of conventional oscil-
lators and amplifiers, and the investigation of other types of generators
* Decimal classification: R355.9. Presented before I.R.E. Tenth Annual
Convention, Detroit, Michigan, July 1, 1935.
Reprinted from Proc. I.R.E., August, 1936.
360
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especially adapted to ultra-high frequencies, such as Barkhausen-Kurz
oscillators,! and magnetron oscillators.

A review of the work done shows a tendency to concentrate on the
second line of development with an emphasis on obtaining the very
highest frequencies rather than on obtaining appreciable power at fre-
quencies just above the limit of conventional tubes. As a result little
work has been done until very recently towards the generation of
power at frequencies between 300 and 600 megacycles.

At the same time the advancement of the receiving tube art with
the introduction of the “acorn” type tube?? has made it possible to
build practical receivers for frequencies somewhat above 300 mega-
cycles. This fact brings nearer the practical utilization of these fre-
quencies and makes it more important to obtain satisfactory gen-
erators.

While considerable progress has been made in extending the useful-
ness of the feed-back oscillator above 300 megacycles, the possibilities
of other means of generation cannot be disregarded. One of the less
conventional means which shows promise from the standpoint of out-
put and efficiency is the magnetron oscillator.

Magnetron oscillators for generation of ultra-high frequencies can
be clagsed as “electronic oscillators”456.78% and ‘“negative resistance”
oscillators,!® the former being of little importance in the frequency
range under consideration. However, for the sake of clearness both
types will be defined.

1 H. Barkhausen and K. Kurz, “Shortest Waves Obtainable With Valve
Generators,” Phys. Zeit., Vol. 21, pp. 1-6; January (1920).

2 B. J. Thompson and G. M. Rose, Jr., “Vacuum Tubes of Small Dimen-
sions For Use at Extremely High Frequencies,” Proc. I.R.E., Vol. 21, pp.
1707-1721; December (1933). (See Page 334).

3 B. Salzberg and D. G. Burnside, “Recent Developments in Miniature
Tubes,” Proc. I.R.E., Vol. 23, pp. 1142-11567; October (1935).

4 This type of magnetron oscillator was first described in the literature
by Zacek’ in 1924, and was later discussed in papers by Okabe,® Yagi,” Kil-
gore,8 Megaw,? and others. It is sometimes referred to as a “Magnetostatic
oscillator.”’®

5 A. Zacek, “A Method of Generating Short Electromagnetic Waves,”
Casopis pro Pestovani Mathematiky a Fysiky (Prague), Vol. 63, p. 878;
June (1924); (summary in Zeit. fiir Hochfrequenz., Vol. 32, p. 172, (1928).

6 K. Okabe, “Ultra-Short Waves from Magnetrons,” Jour. L.E.E.
(Japan), p. 576, June (1927).

7H. Yagi, “Beam Transmission of Ultra-Short Waves,” Proc. I.R.E.,
Vol. 16, pp. 716-740; June (1928).

$G. R. Kilgore, “Magnetostatic Oscillators for Generation of Ultra-
Short Waves,” Proc. IL.R.E., Vol. 20, pp. 1741-1751; November (1932).

?E. C. S. Megaw, “An Investigation of the Magnetron Short-Wave
Oscillator,” Jour. I.E.E. (London), Vol. 72, pp. 326-348; April (1933).

10 Otherwise referred to as a “dynatron magnetron’® and as a “Habann
generator.” .
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An electronic magnetron oscillator can be defined as one which oper-
ates by reason of electron-transit-time phenomena and in which the
frequency is essentially determined by the electron-transit time. Al-
though this type of oscillator is capable of generating the very highest
frequencies obtainable with vacuum tubes, it has an inherently low
efficiency (approximately ten per cent) and a very limited output. At
frequencies between 300 and 600 megacycles, the possible output is
much smaller than that obtainable from the negative resistance
magnetron.

A megative resistance magnetron oscillator is defined as one which
operates by reason of a static negative resistance between its electrodes
and in which the frequency is equal to the natural frequency of the cir-
cuit. In its usual form it consists of a cylindrical plate and coaxial
filament, the plate being split into two or more segments. Both the two-
segment and the four-segment!1.1213.14 form are being used with success,
but in this paper the discussion will be limited to the two-segment type.

The basic idea of the negative resistance magnetron was disclosed
by Habann!® in 1924. Since that time a number of papers on the sub-
ject have appeared; notably those of Spitzer and McArthur,!* Megaw,?
and Slutzkin!? and his associates. Although the present paper neces-
sarily covers some of the same ground as the previous papers, it repre-
sents an independent investigation of the subject by the writer in the
past few years.

It is the object of this paper to discuss the two-segment negative
resistance magnetron with regard to mechanism of oscillation, limita-
tions in efficiency and power output at ultra-high frequencies, and its
application to generation of large power output at frequencies from
300 to 600 megacycles.

11 The four-segment construction appears to have been first mentioned
in the literature by Yagi? and later discussed by Posthumous,!? Runge,!* and
others. Recently there has been considerable discussion as to whether the
four-segment tube can be classed as a negative resistance oscillator.!* The
present writer feels that there is enough difference between the two-segment
and four-segment tubes at ultra-high frequencies to warrant a separate
treatment of the two types.

12 K. Posthumous, l"‘I())scillations in a Split-Anode Magnetron,” Wireless
Engineer, Vol. 12, pp. 126-132; March (1935)”. .

13 W. Runge, “Four-Segment Magnetron, Telefunken Zeitung, Vol. 15,

p. 69; December (1934). ]

14 E. C. S. Megaw and K. Posthumous, “Magnetron Oscillators,” Nature,
Vol. 135, p. 914; June 1 (1935). o

15 E. Habann, “A New Vacuum Tube Generator,” Zeit. fiir Hochfre-
quenz., Vol. 24, pp. 115-120; 135-141, (1924). ]

16 B. D. McArthur and E. E. Spitzer, “Vacuum Tubes as Ultra-High
Frequency Generators,” Proc. LR.E., Vol. 19, pp. 1971-1982; November

(1931%)1&, A. Slutzkin, “Theory of Split-Anode Magnetrons,” Phys. Zeit. der

Sowietunion, Vol. 6, pp. 280-292, (1934).
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I1. THEORY OF NEGATIVE RESISTANCE MAGNETRON OSCILLATORS

Before considering the negative resistance magnetron at ultra-high
frequency it is well to study the fundamental principles underlying its
operation.

The usual circuit of a split-anode magnetron oscillator is shown in
Figure 1. Oscillations can be started by applying a magnetic field of
proper magnitude parallel to the filament. The value of magnetic field
required is somewhat beyond the “critical”’ value, which is defined as
the field required to cause all of the electrons to miss the plate when
both plate halves are at the same potential. The expression for the
“critical field”!® is

6.72

vV'E, 1)

a
where,

R, = anode radius in centimeters
H, = critical field in gausses
E, = average plate potential in volts.

VOLTAGE

TimE
Fig. 1 Fig. 2
Fig. 1—Two-segment magnetron oscillator circuit.

Fig. 2—Instantaneous potentials on the plate halves of a
two-segment magnetron oscillator.

During the oscillation cycle, the instantaneous potentials on the
plate halves can be represented as shown in Figure 2.

It is possible to demonstrate the reason for oscillation by referring
to the volt-ampere characteristics, which can be shown in a number
of ways. Probably the best method of representing these character-
istics is illustrated in Figure 3. For this example, a tube having a 0.5-
centimeter diameter plate was used and the curves were taken for the
condition of 500 volts average plate potential and a magnetic field
equal to approximately 1.5 times the “critical field.”

The method of taking these characteristics was to increase the
potential of plate A by increments and, at the same time, decrease the
potential of plate B by the same increments, so as to simulate condi-

18A, W. Hull, “Effect of a Uniformn Magnetic Field on the Motion of
Eleetrons Between Coaxial Cylinders,” Phys. Rev., Vol. 18, pp. 31-567; Sep-
tember (1921).
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tions during oscillation. When the currents to the plate segments are
measured, it is found that more current flows to plate B than to plate
A even though plate B is at the lower potential. Furthermore, as the
potential difference (E, — E) is increased, up to a certain point, the
excess of current to plate B increases. The current (I, — I) plotted
against the potential (E, — E;) gives the curve OPB of Figure 3, the
portion OP of which represents a negative resistance across the circuit.
This negative resistance is sufficient to account for self-sustained oscil-
lations.
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Fig. 3—Static characteristics of a two-segment magnetron.

To understand why such a characteristic should exist, it is neces-
sary to study the electron paths under various potential conditions.
With equal potentials on the plate halves, and with magnetic field
beyond the “critical value,” the electron paths are symmetrical curves
of the type shown in Figure 4. However, when the plate halves are at
different potentials, say E, = + 150 and E; = + 50, the paths are more
complicated. An approximate idea of what an electron will do in this
case can be had by studying an electrostatic-flux plot as shown in Fig-
ure 5. Consider first the case of an electron starting toward the high
potential plate. The electron after passing the slot plane will enter a low
potential region which decreases the radius of curvature and causes the
electron to curve back somewhat short of the filament. This results
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in the electron deseribing one or more loops, finally landing on the
lower potential plate in most cases as shown in Figure 5.

+100
ELECTRON +150 ELECTRON
PATH

+50

Fig. 4 Fig. 5
Fig. 4—Electron path in a two-segment magnetron when the plate halves
are at the same potential and the magnetic field is 1.5 times the critical value.
(In Figs. 4, 5, and 6 the lightweight lines represent equipotential surfaces.)
Fig. 5—Electron path in a two-segment magnetron when the plate halves
are at different potentials and the electron starts toward the higher
potential plate. Magnetic field 1.5 times critical value.

+150

ELECTRON

+50
Fig. 6 Fig. 7
Fig. 6—Path of an electron starting toward the lower potential plate.
Magnetic field 1.6 times critical value. .
Fig. 7—Photograph of ionized path of an electron stream'startmg
toward the higher potential plate. Magnetic field 1.26 times
critical. E. = + 300 volts, Es = + 250 volts.

On the other hand, the electrons which start toward the lower
potential plate will pass the slot plane into a higher potential region
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with a resulting increase in radius of curvature, and a consequent en-
circling of the filament as shown in Figure 6. In this case, it is more
difficult to say what the ultimate destination of the electrons will be,
but it appears probable that these electrons will also eventually reach
the lower potential plate.

For an experimental check of these predictions, a special magnetron
was built which made possible a visual study of electron paths by gas
ionization. The cathode was constructed with a small emitting spot
and made rotatable so that the electrons starting in any direction
could be studied. Argon gas of a few microns pressure was used, which
made the electrons beam just visible without essentially changing the
shape of the beam trace. The terminal spot of the beam was also made
visible by coating the plate halves with willemite.

With this tube it was possible to illustrate beautifully the predicted
paths of the type shown in Figures 5 and 6. In some cases of high mag-
netic field, as many as ten or more loops were observed. A typical pho-
tograph of an electron-beam trace is shown in Figure 7 for the condi-
tion of £, = + 300, E; = + 250, and magnetic field equal to about 1.25
times the critical value. A systematic study was made of the electron
paths by varying the direction of emission, the ratio of plate potentials,
and the strength of magnetic field. The conclusion drawn from these
observations is that, for sufficiently high magnetic field (one and one-
half to two times critical) and with the ratio of E, to E, not too high
(less than four to one), most of the electrons arrive at the lower po-
tential plate no matter in what direction they started.

However, this fact in itself is not sufficient to explain fully the
negative resistance characteristic. In addition, the space-charge effects
must be considered. A complete analysis of the space-charge conditions
in a magnetron is too involved to be attempted here, but a qualitative
picture can be given as follows: With the magnetic field beyond the
critical value and the plate halves at the same potential, no electrons
will reach either plate; but as soon as E, is increased by an increment
and Eg decreased by thg same increment, some electrons will flow to
plate B as illustrated above. Because of the space-charge limitation,
however, the number of these electrons will be only a small fraction
of the total number emitted from the filament. It is clear that the
space charge for a given current will be much higher than without
magnetic field because the electrons describe several orbits before
reaching the plate, thus contributing more to the space charge. Now a
study of the electron paths shows that an increase in (E, — Ej) causes
the electrons to describe fewer orbits. Therefore, an increase in
(E, — Eg) will result in a smaller space charge and a, consequently,
greater current to B.
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This analysis is sufficient to explain the negative resistance charac-
teristic such as is represented by the portion OP of the (I, —1Ip)
curve in Figure 3. The other part of the curve, PBD, can be explained
by the fact that, as the ratio of E, to E is increased, electrons even-
tually begin to arrive at plate A until, ultimately, more electrons are
arriving at A than at B.

III. CALCULATION OF PERFORMANCE FROM THE VOLT-AMPERE
CHARACTERISTICS

Having explained the reason for the typical volt-ampere character-
istics in a split-anode magnetron it is interesting next to use these
characteristics to calculate the oscillator performance. In this analysis,
it is assumed that the transit time is very small compared to a period.
Referring to the notation of Figures 1 and 2, and letting e, = E, + E/2
sin ot and ey =E,— E/2 sin ot, it is easy to derive the following
expressions:

1 T ~T
Plate Loss = — / e i dt + / epigdt
T Jo 0

E, T E g
— (ig +ip)dt + — (5, — iy)sin ot dt. @)
T 1} 2T 0
E, r
Power Input = — (ia +1p)dt. (3)
T o
E T
Power Output (Py)=—— / (7, — ip) sin ot dt. 4)
2T Jo
E b IOT(iA—-iB)Sin wt dt
Efficiency = — c (5)
2E, ol (iy + ip)dt
E2

(6)

Load Resistance =
0

It is clear that curves OPB and OC of Figure 3 give all the informa-
tion necessary to calculate the above quantities. If an amplitude E
is assumed, the instantaneous values of (i, — i) and (i, +ip) can
be read from Figure 3 and then, by numerical integration, power input
and power output can be evaluated from (3) and (4).

The conditions for maximum output and maximum efficiency can be
determined by taking several values of amplitude. This analysis was
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carried out for the example of Figure 3; the results are shown in
Figure 8. As could be expected, the peak output occurs at an amplitude
nearly equal to OP, and the maximum efficiency occurs at somewhat
lower amplitude.

In general, it is found that as the magnetic field is increased the
crossing point B, of curve OPB, moves further out. The result is an
increase in maximum output and efficiency.

In the above example, the maximum efficiency is about thirty-four
per cent which by no means represents the best efficiency obtainable
in a tube of this type. Unfortunately in the example given, the static
curves could not be taken with higher magnetic fields because of

a0 40000

3% } 35000
\ //\ EFFICIENCY

‘(i -
//\ /’\—Pdwcn ourPuT
LOAO RESISTANCE \

-
.

/ -
-

N

EFFICIENCY -

I

POWER OUTPUT ~WATTS
N
o
]
g
LOAD RESISTANCE -OHMS

“ 200 1000

ao0 600 800
OSCILLATION AMPLITUDE ~VOLTS

Fig. 8—Performance curves of a two-segment magnetron,
calculated from the static characteristics.

problems of oscillation and electron bombardment of the leads. With
higher magnetic fields, higher efficiencies may be expected. Megaw,’
in a similar analysis, has calculated efficiencies as high as forty-five
per cent for a tube operating under somewhat more favorable condi-
tions than the above example.

IV. LIMITATIONS OF EFFICIENCY AT ULTRA-HIGH FREQUENCIES

Measured efficiencies of magnetrons at low and medium frequencies
agree well with those predicted from the volt-ampere characteristics,
but at very high frequencies it is found that the efficiency is con-
siderably reduced. An experimental study of the efficiency of several
magnetrons at very high frequencies was made to determine the main
causes of decreased efficiency.

The problem of measuring efficiency at frequencies above 300 mega-
cycles is very difficult because of the lack of a means of measuring
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power output, which is accurate and at the same time flexible enough
to be used under a wide variety of conditions. The method finally
adopted was that of absorbing power in a lamp previously calibrated
photometrically on direct current. The obvious error in this method is
the nonuniform heating of the lamp filament at high frequencies.
However, it is estimated that, by the use of specially designed lamps,
the error in the measurements was held to within plus or minus twenty
per cent.

Figure 9 shows the measured efficiency as a function of frequency
for plate diameters of 0.5 and 1.0 centimeter., When these curves were
taken, the plate potential was held at 500 volts and the magnetic field
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Fig. 9—Efficiency versus frequency for two sizes of magne-
trons operating at the same plate potential.

was adjusted to give maximum efficiency at each point. The general
shape of the curves for the two tubes is approximately the same; but,
at a given efficiency, the frequency for the smaller plate diameter is
roughly twice that for the larger. This seems to indicate that the
higher efficiency for the smaller diameter tube is due to the shorter
electron-transit time, and suggests that the decrease in efficiency at
higher frequencies is because of the appreciable transit time.

If the efficiency is mainly a function of the ratio of transit time to
period, then it might be expected that, at a given frequency, the effi-
ciency will increase with plate voltage. This is borne out by the curve
shown in Figure 10 where efficiency is plotted as a function of plate
voltage for a tube operating at 440 megacycles. The tube used in this
test had a plate diameter of 0.5 centimeter and was of the internal
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circuit construction described in Part V. The magnetic field for each
reading was adjusted for the best efficiency.

To illustrate further the relation between efficiency and transit
time, the efficiency data of Figures 9 and 10 with some additional data
are plotted as a function of the ratio of transit time to period as shown
in Figure 11. The value of transit time used is an effective direct-
current transit time!® given by the expression,

Ty =2.65 X 10— )]
VE,
where,
R, = radius of the plate in centimeters,
E, = direct-current plate potential in volts,
Ty, = effective transit time in seconds.
i : L
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Fig. 10—Efficiency versus plate voltage for a magnetron
operating at a frequency near the high-frequency limit.

The fact that all points from the several sources lie fairly close to a
smooth curve is good evidence that the decrease in efficiency is, for
the most part, due to transit-time effects. Examination of the curve
shows that, if the transit-time ratio is below one-fifteenth of a period,
efficiencies as high as fifty per cent can be expected, and that, even at

1» The calculation of this transit time assumes a uniform velocity
(vo=15.95 X 107 VE:) and a semicircular path of a diameter equal to R..
This transit time is equal to one half the orbital time of an electron traveling
with a velocity v, in a magnetic field H. = 6.72/R, VEo.
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one-tenth of a period, thirty per cent efficiency is possible, but that,
at one-fifth of a period, the tube will almost fail to oscillate.??

As a practical example, an efficiency of thirty per cent can be
obtained at 600 megacycles with a tube having a plate diameter of 0.5
centimeter and a plate potential of 1500 volts.

Another factor to be considered in connection with attaining high
efficiency at ultra-high frequencies is the value of magnetic field re-
quired. It is possible to demonstrate that, for a given efficiency and
frequency, the value of the magnetic field is definitely determined,
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Fig. 11—Combined efficiency data for two-segment magne-
trons, plotted as a function of transit-time ratio.

regardless of what plate voltage or plate diameter is used. This can be
shown by expressing the transit time as a function of the magnetic
field alone. This is possible, since E, and R, are connected through the

relation
6.72

H=Fk VE, €A

a

where k in practice lies between 1.5 and 2.0. Substituting (8) and (7)
gives,

T, kf
—— =1780 — X 10~ (9
T H

20 When this general relation is compared with the data given by Megaw?®
a fairly good agreement is found. A similar comparison with the work of
Slutzkin shows much poorer agreement, the efficiencies given by Slutzkin

being generally higher.
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where,
f = frequency in cycles per second
H = magnetic field in gausses

T,
-—— = ratio of transit time to period.

This expression for transit-time ratio can now be combined with
the efficiency curve of Figure 11 to give the magnetic field for any fre-
quency and efficiency. This relation can best be illustrated by a chart
of the type shown in Figure 12. The values of magnetic field obtained
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Fig. 12—Constant efficiency curves of a negative resistance magne-
tron showing the magnetic field strength required for any given
efficiency and frequency.

from this diagram are only approximate because the value of ¥ may
vary considerably in practice and because the efficiency measurements
are subject to a fairly large error.

It is interesting to compare the magnetic field required by a nega-
tive resistance oscillator to that required by an electronic oscillator
operating at the same frequency. If the comparison is made on the
basis of ten per cent efficiency (limit of electronic oscillator) it is
found that the negative resistance magnetron requires approximately
four times the field strength.?!

21 This follows from the approximate relation for electronic oscillators

that
H = 12,000/A cm.

WWW.americanradiohistorv.com



www.americanradiohistory.com

Kilgore: Oscillators at 300 and 600 Me. 373

In the discussion so far it has.been assumed that circuit loss plays
an unimportant role. This is contrary to the statement often made that
circuit loss is the limiting factor in magnetron oscillators at ultra-high
frequencies. However, it has been the experience of the author that,
with proper care in design, circuits can be built which have negligible
loss even at 600 megacycles. This is accomplished by using close-
spaced leads to reduce radiation and by making the surface area of
the leads sufficient to give small high-frequency resistance. A very low
loss circuit has been obtained by the use of an internal copper circuit
which will be described in Part V. The conclusion can be drawn that
magnetron circuits can be designed so that the real limiting factor is
the electron transit time.

V. LIMITATIONS IN PLATE DISSIPATION

The preceding analysis has shown that, for high efficiency in the
300- to 600-megacycle range, a small anode diameter is required (about

INTERNAL, CIRCUIT /'"""“‘m“

RADIATION = COOLED

Fig. 13—Sectional view of an internal circuit radiation-cooled
magnetron for obtaining high power at ultra-high frequencies.

0.5 centimeter for 1500 volts). It has also shown that a high magnetic
field is required, a fact which limits the length of plate to a few centi-
meters for a magnet of reasonable dimensions. Both of these facts
definitely limit the plate size and, consequently, impose a serious limi-
tation on the possible plate dissipation. At first thought, it appears
that the maximum dissipation of such a tube would be of the order of
ten watts, but further study shows that this value can be increased by
a large factor.

Although the dimensions of the plate cylinder are small, the radi-
ating surface can be increased considerably by using a heavy walled
plate to increase the outside area. The surface can be still further
increased by placing the oscillating circuit within the bulb, as illus-
trated in Figure 13, When conductors of large cross section and good
thermal conductivity are used the whole circuit is essentially at the
same temperature, and its entire surface is effective in radiating heat.
In this manner the radiating surface can be increased by a factor
of the order of twenty to one.?? Figure 14 illustrates a tube of this

22 Shoytly prior to the time at which the author constructed the first
tube of this type, Mr. P. D. Zottu of this laboratory designed an internal
circuit magnetron embodying the principal features described here.
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construction which has a safe plate dissipation of 200 watts and will
deliver an output of about fifty watts at a frequency of 550 mega-
cycles with an efficiency of about thirty per cent. In this instance, the
circuit was made of copper, which not only gives good thermal conduc-
tivity but also results in a very low loss circuit. To increase the
emissivity the outer surface was carbonized. Incidentally, the carboni-
zation may be expected to cause but little increase in the high-fre-

-
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Fig. 14—Photograph of an internal circuit radiation-cooled magnetron
oscillator for 550 megacycles.

guency resistance because most of the current in such a structure flows
on the inner surface. The method of coupling this tube to the load was
to use a parallel-wire transmission line, the closed end of which was
inductively coupled to the internal circuit of the tube.

It is obvious that the internal circuit construction limits a given
tube to operation over a relatively narrow frequency band. However,
such a limitation may not be so serious in an ultra-high-frequency
tube as it would be in a tube intended for lower frequency applications.
Moreover, it may be pointed out that, aside from the advantage of
high dissipation, the internal circuit construction becomes a necessity
at frequencies around 400 megacycles, because of the impossibility of
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building external circuit tubes which will tune to such high frequen-
cies.

To obtain still greater plate dissipation, it is necessary to resort to
the use of some cooling liquid such as water. The problem of water-
cooling in a split-anode magnetron for very high frequencies is not so
simple as in the conventional three-electrode tube. In a magnetron, the
power is dissipated over a comparatively small area. This makes it
necessary to conduct the heat away to a larger surface which can be
effectively water-cooled. There are a number of ways in which this
can be accomplished; one example is illustrated by Figure 15. Here,
also, an internal circuit of heavy copper conductors is used, but in this
case the circuit is conductively coupled to the load by two leads
brought out in a plane at right angles to the plane of the filament
leads. Figure 16 shows a photograph of a laboratory tube of this con-
struction with an internal circuit and plate of approximately the same
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Fig. 16——Sectional view of one type of water-cooled magnetron
for high power at ultra-high frequencies.

dimensions as the radiation-cooled tube of Figure 14. This particular
tube will dissipate more than 500 watts and will deliver an output of
approximately 100 watts at a frequency of 600 megacycles with an
efficiency of about twenty-five per cent.

VI. MISCELLANEOUS LIMITATIONS

Besides the factors discussed in the previous sections, there are
two other factors that limit to some degree the output obtainable from
a magnetron oscillator. One of these, existing in radiation-cooled
tubes, is the electron bombardment of the glass walls opposite the ends
of the plate due to the focusing effect of the magnetic field. A solution
to this problem has been found by adding shielding electrodes at the
plate ends. Shielding electrodes of this type can be seen in the illus-
tration of Figure 14.

The other factor which is somewhat more serious is a phenomenon
termed “filament-bombardment effect.” This effect, observed by the
author several years ago, has been mentioned by a number of writersg
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on magnetrons.?® The effect manifests itself as an increase of filament

temperature under certain conditions of high magnetic field and high

plate voltage, and sometimes results in unstable operation of the tube.
.

¥ £ 1
¢

Fig. 16—Photograph of a water-cooled magnetron oscillator
for 600 megacycles.

28 Megaw,?! Slutzkin?®26 and others have described this effect and Lang-
muir and Found?’ have observed a related phenomenon in connection with
electron scattering.

M E. C. S. Megaw, “A New Effect in Thermionic Valves at Very Short
Wave Lengths,” Nature, Vol. 132, p. 854; December 2 (1933).

35 A, A, Slutzkin, S. J. Brande, and I. M. Wigdortschik, “Generation of
ion currents in high vacuum by the help of magnetic fields,” Phys. Zeit. der
Sowtetunion, Vol. 6, pp. 268-279 (1934).

28 A. A. Slutzkin, et al., “Production of Electromagnetic Waves Below
Fifty Centimeters,” Phys. Zeit. der Sowietunion, Vol. 6, pp. 150-158 (1934).

37 1. Langmuir, “Scattering of Electrons in Ionized Gases,” Phys. Rev.,
Vol. 26, pp. 585-613 (1925).
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In extreme cases, the filament can receive sufficient energy from the
plate circuit to permit operation of the tube with the usual filament
supply disconnected. The cause of this phenomenon has not been fully
explained, but it appears to be due to a bombardment of the filament
by electrons.

Although the filament-bombardment effect is sometimes trouble-
some, it can generally be avoided by using heavy filaments and by
operating the tube at somewhat reduced plate voltage and magnetic
field strength.

VII. CONCLUSION

It has been demonstrated by theory and experiment that the nega-
tive resistance magnetron is essentially a high efficiency device at low
frequencies, and that the decrease of efficiency at high frequencies is
mainly due to transit-time effects. As applied to frequencies between
300 and 600 megacycles, it is shown that this type of oscillator can be
expected to give efficiencies of the order of fifty to thirty per cent.

Methods are described by which the inherently small plate-dissipa-
tion limit can be extended by twenty to fifty times, and by which it is
possible to realize power outputs of the order of fifty to 100 watts in
the 300- to 600-megacycle range. The output and efficiencies obtained
compare favorably with those of conventional tubes at much lower
frequencies, but it is not to be inferred that magnetrons will neces-
sarily supplant other types of generators. Problems of modulation and
frequency stability are still to be met and in some applications the
supplying of a high magnetic field may be inconvenient.

In conclusion, the author wishes to point out that the specific tubes
described are not to be regarded as commercial designs. They are,
rather, laboratory tubes built to demonstrate certain principles which,
it is hoped, will prove useful in future designs of ultra-high-frequency
generators.
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AN ULTRA-HIGH-FREQUENCY POWER
AMPLIFIER OF NOVEL DESIGN

By

ANDREW V., HAEFF
Research and Engineering Department, RCA Manufacturing Company, Inc.,, Harrison, N. J.

amplifier is of primary importance. It is the purpose of this

paper to describe an amplifier of a novel type with which suc-
cessful operation is obtained at frequencies much higher than those
which can be handled by conventional devices of comparable power
capabilities.

Some of the principal difficulties encountered in the operation of
amplifiers at very high frequencies can be ascribed to the following
causes.

1. The finite electron transit time resulting in excessive input
loading and a loss in transconductance.

2. Abnormally high coupling between the output electrode and
input electrode causing either regeneration or excessive loading of the
output circuit by the reflected input losses with a consequent loss of
power and efficiency.

3. High circulating currents and increased resistance at high fre-
quencies lowering circuit efficiency.

FOR many high-frequency applications a non-regenerative power

In the new amplifier the electron-transit-time effects are minimized
by utilizing electrons of high velocity. This is accomplished without
increased dissipation and loss in efficiency by separating the functions
of the output electrode and of the current-collecting electrode and by
making use of electron focusing. The output-input coupling is reduced
to a negligible value by screening and separation of the respective
electrodes and circuits. The high-frequency losses due to circulating
currents are minimized by using current-carrying electrodes of large
periphery.

The principle used in exciting the output tank circuit of the new
amplifier differs from that of conventional tubes. Figure 1 represents
a quarter-wave concentric tank circuit with a hollow inner conductor.
Let us suppose that a negatively charged body is passed through the
inner conductor from left to right. In Figure 1la we gee the conditions
of charge distribution on the circuit as the body is introduced into

Reprinted from Electronics, February, 1939.
378
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the inner conductor. There is a positive charge, equal to the negative
charge, induced on the inside of the inner conductor near the body.
However, no charge appears on the outer surface of the inner con-
ductor. The induced charge moves with the charged body along the
inner surface until the end of the inner conductor is reached. During
the passage of the charged body across the gap a-b the charge is
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Pig. 1—Diagram showing changes in

distribution of image charge as a

charged particle moves inside the
quarter-wave tank circuit.

partially imaged on the end of the inner conductor and partially on
the outer conductor as shown in Figure 1b. The passage of the charged
body beyond the gap a-b into the aperture in the outer conductor
causes all of the induced charge to appear on the inner surface of the
extension of the aperture (Figure 1¢). The induced charge, in trans-
ferring from the end of the inner conductor to the aperture extension,
flows back over the outer surface of the inner conductor, thus con-
stituting a current flow in the tank circuit.
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Figure 2 illustrates the configuration of the electric and magnetic
fields within the resonating space of the tank circuit when the latter is
excited. The solid lines represent the electric field distribution and
the circles represent the magnetic lines of force. The dashed lines
represent the equipotential surfaces in the gap. Along the major part
of the length of the tank the direction of the electric field is substan-
tially radial. However, at the gap a-b the electric field has an axial
component. The field does not penetrate very far inside the open end
of the inner conductor or inside the aperture in the outer conductor
but is confined effectively to the space defined approximately by the
limiting equipotential lines shown in the figure. The space inside the
inner conductor and inside the extension of the aperture is essentially
field free. Therefore, no work will be done on a charge moving inside
the inner conductor by the electric field until the charge reaches the
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Fig. 2—Distribution of fields inside Fig. 3—A schematic diagram illus-

resonating space of tank circuits; trating the arrangement of elec-

fields do not penetrate inside the trodes for exciting the tank circuit

inner conductor, a, or the aperture by modulated electron stream.
extension, b

gap a-b. If the charge traverses the gap at the instant when the
electric force is in the direction from b to e, the charge will be decel-
erated, its energy being given up to the tank circuit. A charge crossing
the gap during the opposite half cycle when the field is reversed will
be accelerated, absorbing energy from the circuit. If the number of
charges traversing the gap during the first half cycle is greater than
during the second, the net effect will be that energy is supplied to the
tank circuit.

We conclude, then, that the tank circuit may be excited by passing
groups of electrons at the proper frequency across the gap between the
inner conductor and the outer conductor. The motion of electrons
through the interior of the inner conductor has no effect on the current
in the tank circuit. Also, high-frequency electromagnetic fields which
will be generated within the resonating space of the tank circuit
penetrate but a short distance inside the screening electrode b, so
that the electrons will be influenced by these fields only during their
passage across the gap.
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Figure 3 shows schematically how a tube may be combined with
the tank circuit to operate on this principle. A conventional grid-
cathode structure may be used to obtain pulses of electrons. A collector
electrode may be placed beyond the screening electrode. If a high
potential is applied between the cathode and the electrodes a, b, and
also between the collector and the cathode, a stream of electrons from
the cathode will flow towards the collector. If a high-frequency volt-
age is applied between the control grid and the cathode, the electron
stream will be periodically modulated in intensity. Pulses of electrons
traversing the gap a-b will induce high-frequency currents between
electrodes @ and b. If the excitation frequency is adjusted to the
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Fig. 4—Complete schematic wiring diagram of the amplifier and new tube
with all essential parts indicated.

resonant frequency of the tank circuit, a high impedance will exist
across the gap a-b at this frequency. Consequently, the induced cur-
rents will produce a high radio-frequency voltage across the gap. The
phase of this voltage at or near resonance will be such as to decelerate
electrons traversing the gap during the half period of maximum
intensity of electron current in the stream.

The energy lost by the electrons is transformed by the tank circuit
into the energy of the electromagnetic field within the space between
the inner and outer conductors. This energy is then transferred to the
useful load by means of a coupling loop, as shown in Figure 3.

The high-frequency electromagnetic field existing in the resonant
space of the tank circuit penetrates only a short distance inside the
cylinder a and inside the screening electrode b. Therefore, by position-
ing the control electrode and the collector at suitable distances from
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the gap a-b, the coupling between the output circuit and the respective
electrodes can be reduced to a negligible value.

To minimize the transit-time effects the electrodes ¢ and b can be
operated at suitably high potentials with respect to the cathode. The
adjustment of these potentials is not at all critical because the funec-
tioning of the tube does not depend critically upon the electron transit

Fig. 6—Photograph of new type of
tube in developmental stage.

time. The current-collecting electrode can be operated at a much lower
potential and is usually operated at a potential just sufficient to collect
all decelerated electrons in order to obtain high efficiency. By the use
of electrostatic or magnetic focusing the electron stream can be pre-
vented from impinging on the high-potential electrodes a and b. There-
fore, these electrodes do not dissipate energy. It follows that all of
the power developed by the tube is taken from the low-voltage supply
used for the collector.
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Figure 4 shows schematically one complete arrangement. A focus-
ing electrode f and accelerating electrodes A and B are mounted inside
the glass envelope in addition to the cathode, the control grid, and the
collector of the previous arrangement. The output tank circuit, con-
sisting of the outer cylinder, a hollow inner conductor, and a screening
electrode, is separate from the tube. A solenoid placed around the tank
circuit produces a focusing magnetic field in the axial direction. The
focusing electrode, f, when operated at a suitable potential serves to
concentrate the electron stream at the start and makes it possible to
use a considerably weaker magnetic focusing field without absorption
of current by the accelerating electrodes. The reason for using accel-

Fig. 6—The completed amplifier showing, from left to right, the driving
magnetron, the input circuit, the housing for the load lamps, and
focussing coils and the collector end of the tube.

erating electrodes inside the glass envelope is to avoid the undesirable
effects of charges on the glass walls due to bombardment by stray
electrons. These electrodes are positioned at a suitable distance from
the gap a-b of the output tank circuit so that the high-frequency
electromagnetic field from the resonant space of the tank does not
reach them. Thus, these electrodes are not a part of the output circuit
and do not carry circulating currents.

Figure 6 shows this tube mounted in the circuit. In this
arrangement a small magnetron was used as a driving oscillator. The
photograph shows the magnetron with its tuning mechanism, the
parallel-wire input line, and a push-pull voltmeter which was used for
measurements of driving power. The load consisted of eight incan-
descent lamps, fed in parallel from the coupling loop and mounted in
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a shielded compartment to prevent radiation losses and coupling to
the input line. Fine adjustment of load was obtained by moving the
load coupling loop with a micrometer screw. Behind the focusing
solenoids the collector end of the tube can be seen. Figure 7 shows
the tube in operation with the load lamps brilliantly lighted and visible
through the observation openings.

As an example of performance of the new amplifier, the following
data for the developmental tube shown in Figure 5 may be of interest.

Fig. 7—The u-h-f amplifier in operation, and brilliantly lighting the
incandescent lamp load circuit, contained in the lamp housing
adjacent to the focussing coil.

Operating frequency ........................ 450 megacycles
Power output ......... ... . ... ..., 110 watts
Total driving power (approx.) ..................... 10 watts
Efficiency (8PProxX.) . ..coviiiiiiinit i i, 35%
Accelerating voltage .................. ... .. ..... 6000 volts
Collector voltage ......... .. i innnnnnn.. 2000 volts
Collector current .......................... 150 milliamperes

Current to accelerating electrodes—less than 0.1 milliampere

We may summarize the advantages of the new amplifier as follows:
1. Reduction of electron-transit-time effects by utilization of
electrons of high velocity. i
2. High efficiency due to collection of electrons at low velocity.
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3. High power output because the collector may be made of
adequate size without influencing the performance of output circuit.

4. Non-regenerative amplification through reduction of output-
input coupling to a negligible value.

5. Low circuit losses because circulating currents flow in elec-
trodes of large periphery.

The author wishes to acknowledge the valuable help of Dr. L. S.
Nergaard in making measurements in connection with this work.
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DEVELOPMENT OF TRANSMITTERS FOR
FREQUENCIES ABOVE 300 MEGACYCYLES*

By

N. E. LINDENBLAD
R.C.A. Communications, Inc., Rocky Point, L. I., N. Y.

Summary—The fundamental functions of the electrons and their work
cycle, in the interelectrode space of high vacuum tubes, are discussed. It is
shown how the triode feed-back circuit becomes inoperable at very high fre-
quencies due to space-time and reactance characteristics. It is further shown
how the space-time conditions can be organized to benefit the maintenance of
oscillation instead of becoming a detriment. Some of the more familiar ar-
rangements, such as the Barkhausen and the magnetron circuits, which are
based on this principle, are discussed in some detail. With these illustrations
as a background the author describes a new method of frequency multiplica-
tion at very high frequencies. This method yields much greater power out-
puts than hitherto possible and promises to become very useful.

Various means for frequency stabilization are referred to and the merits
of frequency controlling devices, such as crystals and low power factor cir-
cuits, are compared.

Special problems encountered in the application of modulation at very
high frequencies are described and reference is made to methods developed
to meet these problems.

Practical considerations of circuit arrangements are described in some
detail. Several examples of transmitter design are given. Thesge sections are
illustrated with photographs.

Important points in connection with antennas and transmission lines are
discussed and the results of some measurements are given.

The paper ends with a brief reference to some propagation results ob-
tained by RCA Communications engineers and others.

INTRODUCTION

conception as well as in practice pertaining to the application
of the frequency band between 300 and 1000 megacycles to radio
communication.

THE purpose of this paper is to report progress in theoretical

THE ELECTRON PERFORMANCE IN HicH VACUUM

Since electrons are negative electric charges, their presence in the
interelectrode space of a vacuum tube causes, by virtue of electrostatic
induction, positive charges to be distributed over the electrodes which

* Decimal classification: R355.5. Presented before I.R.E. Ninth Annual
Convention, May 30, 1934, Philadelphia, Pa.

Reprinted from Proc. I.R.E., September, 1935.
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will vary in accordance with variation in position of the electrons. If
the external circuit consists of a resistance it can be seen that the cur-
rent produced in this resistance, by virtue of the electron motion in the
interelectrode space, always causes a voltage drop on the electrodes
which retards the electron motion and decreases the rate at which elec-
trons enter the interelectrode space.

When the electrons land on the electrodes, the positive charges in
the electrode meet the corresponding electron charges and are cancelled.
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Fig. 1—Frequency versus power output at rated
anode dissipation of some American transmitting
tubes. Curves not otherwise indicated refer to
performance in triode feed-back oscillators. These
curves were originally published by W. C. White
in the General Electric Review, September, (1933).

The current caused by the electron motion therefore ceases at the
moment the electrons land. Whatever kinetic energy the electron pos-
sesses at the time it lands is lost in the form of heat.

THE ELECTRON PERFORMANCE IN HIGH VACUUM AT HIGH FREQUENCIES

When the well-known, triode feed-back oscillator is adjusted for
higher and higher frequencies, a frequency will eventually be reached
beyond which the device fails to perform. (Figure 1.) It is usually
assumed that the increased circulating currents necessary to maintain
proper electrode potential across the decreasing capacitive reactance
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of the interelectrode space cause prohibitive losses. This is, however,
not the major factor in well-designed circuits and the chief limitations
are instead to be found in the vacuum tube itself.

Hitherto it has been possible to neglect the interelectrode transit
time of the electrons in vacuum tube phenomena. The finite velocities
of the electrons introduce phase lags in the electron motion which are
unsuitable to the triode feed-back method and results in a reduction of
efficiency. Accompanying this phase lag electrons are trapped in the
interelectrode space. As the transit period terminates, the electrons in
the grid-cathode space come to a stop. The grid potential is rapidly
becoming very negative and assumes a controlling effect upon the field
in the grid-cathode space. This field therefore changes direction and
the electrons in the grid-cathode space are thrown back into the
cathode at high velocity, resulting in high kinetic loss. Since the plate
becomes more positive, while the grid grows negative, the field in the
grid-anode space is increased. The electrons in this space therefore
receive additional impetus in the direction of the anode and arrive
there at high velocity and thus with a high kinetic loss. At the lower
frequencies the interelectrode spaces are ‘‘cleaned out” before the
potentials have had time to reach excessive values. The higher the fre-
quency the greater becomes the number of electrons which fail to
accomplish the transfer or which transfer under field conditions which
cause excessive kinetic losses. The existence of these losses has previ-
ously been referred to but not explained.! Since a great portion of the
grid input energy, due to trapped electrons, appears at the cathode, its
value can be observed by noticing the increase in cathode resistance
from the increased cathode temperature. Estimates of the loss obtained
in this way indicate that it is a major source of frequeney limitation in
conventional transmitting tubes.

In order to reduce the losses during the “cleaning-out” period, the
interelectrode space must be made small in volume so that it contains
a small number of electrons in transit. If the power output is to be
reasonably retained and since the cathode emission at the present can-
not be increased, the cross section of the interelectrode space cannot be
excessively reduced. The only way to obtain substantial decrease of
volume is thus to reduce the length of the interelectrode space. While
this on one hand results in increased capacity with the handicap of
higher circulating currents it improves the phase relation between the
moving electrons and the electrode potentials. Thompson and Rose?

1 F. B, Llewellyn, “Vacuum Tube Electronics at Ultra-High Frequencies,”
Proc. L.R.E., Vol. 21, pp. 1532-1574; November, (1933).

2 B. J. Thompson and G. M. Rose, Jr., “Vacuum Tubes of Small Dimen-
sions For Use at Extremely High Frequencies,” Proc. I.R.E., Vol. 21, pp.
1707-1722; December, (1933). (See Page 334.)
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have had rather outstanding success in compromising these factors in
the design of receiving tubes for very high frequencies.

GENERATION OF HIGHER FREQUENCIES

In the triode feed-back circuit the electron flow takes place during
a very short favorable portion of the oscillation cycle. Due to the finite
velocity of the electrons it has been shown that it is not possible to
confine the existence of electrons in the interelectrode space to such
short portions when the frequency is increased. As a result, and
because of the nature of the circuit, the oscillating power created in
the external circuit is returned to the electrons and lost in the form of
heat. It is, therefore, necessary to choose methods in which the elec-
trons may perform usefully during more prolonged portions of the
oscillation cycle; in which the time of travel of the electrons and the
electric fields produced by the electrons themselves contribute to the
condition of oscillation. In other words, the electrons themselves and
their motions constitute the whole oscillator. All such oscillators re-
quire electric, and often also magnetic, field conditions such that the
electrons as a group are subjected to unstable conditions which can
produce whistle’ effects in the interelectrode space. The periodic pres-
sure effects in an air whistle would thus correspond to the potential
effects set up by the periodic formation of concentrations in space
charge.

These conditions may be obtained if the electrons are given an
opportunity to miss an anode as they are accelerated toward it. After
missing the anode and as the electrons are thus carried away from it
by their own momentum, they will be subject to a retarding force
instead of an accelerating force from the anode. They will eventually
come to a stop and again be accelerated toward the anode. The positive
direct-current potential on the anode thus makes the electrons describe
a pendulum motion. Since there are many electrons and thus many
such pendulums they cannot be permitted to oscillate at random phase
gince they will then cancel each other’s effect upon the external circuit.
The pendulum motions must, therefore, be organized to operate in
unison. By comparison with the traffic congestion on a highway which
occurs at points where the traffic speed is reduced, it is easily seen that
congestion of electrons will arise in the regions of the interelectrode
space where the electrons turn around. As these accumulations form,
the resultant electric field in the interelectrode space is gradually being
altered. This alteration influences the motion of the electrons. Also,
electrons arriving later at the turning region, retard the turning
around of the earlier ones, while, on the other hand, the earlier elec-
trons speed up the turning around of the later ones. This condition is
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therefore conductive to synchronization of the oscillating electrons so
that they form into groups. When the oscillating electrons form into
groups they will thus no longer cancel each other’s influence upon the
external circuit. The losses from the currents induced in the external
circuit by the group motion will, therefore, introduce a load upon this
motion, and the motion of the individual members of the oscillating
electron group will become attenuated. This attenuation takes place in
the direction toward the prime mover, the anode, where the electrons
are ulimately deposited. Since they are continually being replaced by
newly emitted electrons of high momentum, the motion of the group as
a whole is not attenuated but may be represented by an average of the
motion of its continually changing members. It should also be clear
that many of the electrons will be subject to accidents so that they will
prematurely collide with the anode. There is no electrode system known
where this can be prevented. The fact should, however, be noted that
while such collisions represent very great losses the kinetic energy so
spent is not taken from the oscillating energy in the external circuit
as the case happened to be at the end of transit in the triode feed-back
oscillator. Practically all of the momentum possessed by the electrons
has been derived from acceleration by the interelectrode, direct-current
field. Since the cathode is inherently located in a region where the elec-
trons reverse their motion and since the space charges, there forming,
appear periodically, it is clear that the emission from the cathode will
also be subject to periodic fluctuations. This phenomenon and the syn-
chronizing tendency between the individual electron pendulums as
they approach the turning regions amplify one another and establish
a reasonably substantial tendency for the electrons to form a whistle
effect in the interelectrode space.

The best known methods utilizing these principles are the Bark-
hausen and the magnetron methods. In both these arrangements the
electrons are made to turn around before reaching the plate. In the
Barkhausen method an ordinary three-element vacuum tube may be
used. The grid is highly positive and acts alternately as accelerator
and decelerator for the electrons which pass through. The plate is
mostly operated at a slightly negative potential to facilitate the revers-
ing of the electron motion before the electrons reach the plate. The
path of an individual electron is shown in Figure 2.

The magnetron, as is well known, consists in its most common form
of a centrally located cathode which constitutes the axis of a cylindrical
anode. The anode has a high positive potential and the electrons are
made to miss it by virtue of the deflecting properties of an axial mag-
netic field. The path of an individual electron is shown in Figure 3.
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One very interesting phenomena in common for both the Bark-
hausen and the magnetron methods is the difference in the behavior of
the oscillations when the tuning of the external circuit is approached
from a state of lower or higher circuit tuning. This phenomenon is due
to the fact that the voltage inducing effect from the electrons is two-
fold. The electrons accumulating near the plate or near the cathode
cause field variations similar to such as would be produced by varia-
tions in electrode potential. The voltage drop across the resistive com-
ponent of the external circuit is, however, a maximum when the
electrons are in a state of highest velocity. This voltage is therefore

I

Fig. 2—Attenuated path of the individual electron when
partaking in organized group motion in a triode pendulum
. oscillator.

Fig. 3—Attenuated orbit of the individual electron when
partaking in organized group motion in a magnetron
oscillator,
ninety degrees in phase lead of the voltage set up by the electron
accumulations. The combined voltage on the electrodes therefore tends
to make the electrons turn around sooner. The frequency is increased.
Since the frequency of oscillation thus increases as the resistance
between the electrodes is increased, a peculiar effect occurs when the
tuning of the interelectrode circuit is varied. If the circuit resonance
is made to approach the electron oscillation frequency from a lower
value, the electron oscillation in the tube will recede upward and will
thus have to be trailed by the circuit tuning. If the circuit tuning is
adjusted above the electron oscillation frequency and then lowered,
the oscillation frequency moves up to meet it. In the Barkhausen case

this phenomenon has been called Gill and Morell oscillations.

EFFECTS IN THE VICINITY OF ELECTRODES
In addition to the effects of the electron motion so far considered
it may also be of interest to consider the local effects in the close

vicinity of an electrode.
The electric field from the electron, which at a distance covers
the electrode fairly uniformly and causes a current of no definite origin
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to flow through the electrode, as the electron moves, becomes more
concentrated as the electron nears the electrode. The current origin
in the electrode becomes more and more defined into a spot under
the electron where it becomes very concentrated. The direction of this
current is toward the spot if the electron is in an approaching state
and away from the spot if the electron is in a receding state. These
considerations, of course, do not apply to electrons moving parallel
with the electrode surface. This phenomenon is naturally extremely
rapid in that such concentrations do not become noteworthy until the
electron is fairly near the electrode. It takes place during a very small
fraction of the total transit time of the electron. Its period is there-
fore greatly in excess of that represented by the transit time and
represents real ultra-high frequencies. These “surface oscillations” are
independent of the frequency at which the device operates and depend
only on number and velocity of the electrons.

Carrying the discussion a little further it becomes increasingly
difficult to see where to draw a line between these “spot impulses’” and
heat quanta. It depends largely upon the size of the area under con-
sideration if the period belongs to the radio-frequency region or the
heat region. If the electron is headed for a landing on the electrode
the spot becomes smaller and smaller until we reach the molecular and
atomic structure of the electrode where the remaining kinetic energy
is interchanged.

If the electron does not approach the electrode quite so close, like
for instance when an electron passes through a grid structure the fre-
quency produced, while high, is definitely one far below that of heat.

Not being organized these impulses cannot be shown in the external
circuit under ordinary conditions. It may, however, be possible, by
special methods to set up conditions, by using a very restricted num-
ber of electrons, whereby these oscillations may be shown.

NEGATIVE RESISTANCE

The expression ‘‘negative resistance” is very commonly used in
explaining oscillatory phenomena. Reference to it in the previous dis-
cussion has been avoided until sufficient background could be estab-
lished for a clear understanding of its nature. It has been seen how in
the triode feed-back circuit maximum electron transit is obtained when
the anode potential is8 at a minimum. As the anode voltage decreases
the current through the tube increases. In an electron pendulum device
the electrode toward which electrons are moving has its highest nega-
tive tendency as the electrons possess their greatest radial velocity.
Therefore. as the current through the tube increases the electrode
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voitage decreases. In the so-called dynatron method, similar current-
voltage conditions are obtained with the aid of secondary emission.
The electrons are usually made to pass through a grid of high positive
potential toward a plate of less positive potential. The electrons will,
therefore, land on the plate with considerable velocity, causing other
electrons in the plate to bounce off and be attracted by the grid. As
the positive potential on the plate is increased the oncoming electrons
will have a higher velocity and thus cause more electrons to bounce
off and travel in the opposite direction. The total current will decrease
because the ratio between electrons coming to the plate and leaving
it has been decreased. All these methods, therefore, have the one char-
acteristic in common that current and voltage vary inversely. This is
characteristic of negative resistance. Since the operation of the dyna-
tron is not based on time delay in electron transit this method, in its
fundamental principle, is not adaptable to generators of extremely high
frequencies. More or less developed dynatron action is, however, often
obtained in conjunction with other methods whenever electrodes are
bombarded by high velocity electrons.

FREQUENCY MULTIPLIERS

Since the electron pendulum methods are critical to fields and space
charges, each type of tube has a fairly well established maximum
output at a particular frequency. The outputs from conventional sizes
of tubes are limited to a very small portion of the power output of
which they are capable when operating at frequencies where the time
of electron transit is of no significance. It was, therefore, considered
that if the frequency of the greater amounts of power possible to pro-
duce at the lower frequencies could be multiplied efficiently, greater
power may also be realized at the higher frequencies.

The commonly known vacuum tube frequency multipliers, which
are widely used for various purposes, consist of a triode, a circuit con-
nected to the grid which is tuned to the fundamental frequency and a
circuit connected to the plate which is tuned to a harmonic frequency.
The grid has a negative bias and the plate has a positive potential.
The frequencies used are usually well below the values at which the
time of electron transit assumes significance. This shortness of the
transit time is in fact an asset since the production of harmonics
depends on the immediate establishment and discontinuation of electron
current as the grid potential passes above and below the cut-off value.
By virtue of the plate power the device also operates as an amplifier.

As the input frequency is increased, the electrons will remain in
the process of transit while the electrode potentials may vary consider-
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ably. Like in the triode feed-back circuit this is very detrimental. As
the grid potential goes below cut-off value, it first retards the electrons
moving toward it from the cathode. The electrons therefore deliver the
energy they chiefly received from the direct-current source into the
external oscillating circuit and the grid receives an impetus in accord
with its negative swing. As the grid continues to become more negative
the electrons will finally come to a standstill whereafter they will be
accelerated back toward the cathode. They will then draw power from
the external circuit. The acceleration received in this direction is
greater since the grid is now very negative. The total effect of the
motion from the cathode and back again is, therefore, a loss. The elec-
trons in the grid-anode space received added acceleration in their
original direction as the anode potential swings in a more positive
direction. This accelerating power is thus also obtained from the oscil-
lating energy in the external circuit. Both the fundamental frequency
circuit and the harmonic circuit, therefore, lose more and more of their
power as the frequency is increased.

Due to the increase in potential gradient toward the central cathode
in cylindrical element tubes the greatest effects upon the motion of the
electrons are, of course, obtained in this region. Electrons which
emerge from this region have a more predetermined motion for the
rest of their path than electrons in flat element tubes. This condition
makes the electrons passing through the interelectrode space of cylin-
drical tubes less sensitive to variation in electrode potentials, during a
great portion of their journey, than in flat electrode tubes with uniform
fields. This fact, of course, holds regardless of the methods of oscilla-
tion employed.

At the lower frequencies the grid simply acts as a throttle which
lets electrons through to the anode during a short portion of the cycle.
The electron accelerating power required for the production of this
motion and the subsequent harmonic it induces is thus chiefly taken
from the direct-current plate supply. As the frequency is increased the
number of electrons which do not complete their transit from cathode
to anode becomes a greater and greater portion of the total number of
electrons which enter the interelectrode space. The power stored in
these electrons, as they are pushed toward the electrodes, is taken from
the alternating-current component of the external circuit. It is, there-
fore, clear that as the frequency is increased, the frequency multiplier
becomes less of an amplifier. The fundamental frequency input, instead
of being only a guide to the electron performance, becomes a driving
force. Since the frequency multiplier outputs at higher frequencies
must derive the driving power from the fundamental frequency input
it was necessary to find a way by which the motion of the electrons,
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thus driven, could be organized to converge, so that they would, during
a certain phase of their motion, fall through an appreciable portion of
the interelectrode space in the short time corresponding to a harmonic
current. It was found possible to accomplish this by introducing a
magnetic field which is perpendicular to the electric field. In a cylin-
drical tube this then becomes an axial magnetic field. The effect of the
magnetic field may be most easily understood by referring to the curves
in Figures 4, 5, and 6. For the sake of simplicity a tube with two
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Fig. 4—Position versus time of electrons in an alternating-current

field between flat electrodes. Each curve represents electrons which

have left the cathode during a certa{n phase of the alternating-current
cycle.

parallel plane electrodes is being considered. Alternating voltage is
applied of such frequency that the time of transit is too slow for cross-
ing the interelectrode space. The positions of the electrons leaving the
cathode at different times, under the influence of the positive half cycle
of the voltage on the other electrode, will be distributed throughout
the space as shown in Figure 4. From these curves it can be seen that
there is a tendency for the electron positions to become more and more
divergent with time. Even a rectifying action can be observed in the
motion of the electrons which leave the cathode during the first half
of the positive half cycle. If a magnetic field, perpendicular to the
electric field, is introduced it can be given such a strength that the
electrons which leave the cathode successively, during the generous
time period of a half cycle of the fundamental frequency, will all com-
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plete their return journey to the cathode within a very definite time
limit. (See Figure 5.) By integrating the velocities, the curve shown
in Figure 6 is obtained. It represents the shape of the resulting elec-
tron current curve. A transformation of the fundamental frequency
power directly into a harmonic component thus becomes possible. The
electron stream exhibits a positive resistance to the fundamental fre-
quency current and a negative resistance to the harmonic. As the
electrons return to the cathode they still possess considerable kinetic
energy. If it is attempted to lower this kinetic energy by further
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Fig. 5—Organization of positions shown in Fig. 4 when intro-

ducing a steady, transverse magnetic field. Note how the elec-
trons, returning to the cathode, converge in respect to time.

circuit loading, the disorganizing effect from the load prevents further
gain in efficiency. The efficiency also depends largly upon which har-
monic is chosen. While the efficiency obtained when producing the
second harmonic is high, the efficiency of the generator of the funda-
mental frequency oscillations is low since it has to operate nearer the
border limits of the triode feed-back circuit than when a higher har-
monic ratio is used. The multiplier efficiency, however, drops very
rapidly as the harmonic ratio is increased. Fewer electrons become
subject to complete organization. When odd harmonics are produced,
two tubes can be operated in push-pull fashion. Very simple circuit
arrangements are then obtained. From these considerations, the third
harmonic has often been chosen as the most satisfactory compromise.
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Among the standard tubes available, some three-element tubes
happened to be the most satisfactory for frequency multiplication.
Examples of such tubes are shown in Figure 7. Although it has been
found most efficient to let all the elements become part of the circuit
either for bias purposes alone, or for tuning purposes as well, the
cathode and the grid are, of course, the essential elements between
which the major electron performance takes place. The grid is nega-
tively biased and the plate is given zero or negative potential. The
input and the output circuits can be applied to any one of the elements
as long as the combined circuit tuning produces potentials in coordina-
tion with the desired electron motion. Different values of magnetic
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Fig. 6—Electron current curve corresponding to conditions
shown in Fig. 5.

field strength are sometimes necessary when choosing various modes
of connection.

The efficiency obtained with standard, cylindrical element triodes
as triplers is about ten per cent. The efficiency gain by using a mag-
netic field varies but has so far been found to be at least three times
that obtained without magnetic fields.

Two advantages result from the use of frequency multipliers. The
power obtainable with a tube used as a frequency multiplier is many
times greater than that which it would deliver as a pendulum oscillator.
Frequency control circuits of great accuracy may be employed.

FREQUENCY CONTROL

One of the advantages of very high frequencies for communication
purposes is the insignificant width of the modulation band as compared
with the frequency of the carrier. This makes it possible to consider a
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great number of communication channels within frequency limits only
a few per cent apart. In order that full advantage may be taken of this
situation it is, however, clear that as the carrier frequency is increased
its relative stability must also be increased. Aside from this considera-
tion, very accurate frequency control is required to permit maximum
selectivity in the receiver in order to obtain optimum signal-to-noise
ratio. The transmitters have been required to provide stability suffi-
cient for reception by means of very selective superhetrodyne receiv-
ers, without Joss of signal quality. Special efforts have been made to
produce oscillator outputs as free as possible from undesirable ampli-

Fig. 7—Left: UX-852 transmitting tube; very

useful all-around tube for triode feed-back circuits

(Fig. 1), triode pendulum, and frequency multi-
plier circuits.

Middle: 300-600 megacycle wavemeter and output
indicator. Note the two 50-watt load lamps.

Right: RCA-846 (UV-846) water-cooled tube,
useful for triode feed-back circuits (Fig. 1) and
for frequency multipliers.

tude and frequency variations. Since the difficulties of eliminating
these disturbances increase in proportion to the oscillator frequency,
the utmost of every available means for frequency stabilization had to
be mobilized. Vital circuits must be well shielded against electric or
magnetic influences of variable character. It is also very important
that the frequency determining parts of the circuit be mechanically
geparated from their surroundings in order to avoid disturbance from
vibrations. In coupling up with output circuits such as transmission
lines and antennas, great care must be taken that a minimum of coup-
ling is being used. The reaction from variation in the constants of
such circuits, due to wind, precipitation, etc., will otherwise become
very disturbing. Self-bias, by means of leak resistances and self-
rectification, often results in a tendency to maintain constant tube
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impedance if introduced in correct proportions in various branches of
the tube circuit.

It has often been found necessary to provide smoother anode poten-
tials than normally required at the lower frequencies. Variations in the
direct-current supply have been eliminated by means of a regulator
congisting of a combination of resistors with a vacuum tube, Figure
16. The grid of the regulator tube is connected to a potentiometer
inserted between the direct-current power supply and ground through
a source of constant negative bias such as a battery. The function of
this bias source is to overcome the positive voltage drop in the poten-
tiometer so that the grid may be maintained at proper operating
potential. The anode of the regulator tube draws current from the
direct-current power supply through a resistor. The oscillator power
is supplied through the same resistor. As an example, an increase in
voltage across the direct-current power supply makes the grid of the
regulator tube less negative. This increases the current through the
common regulator resistor through which both the anode of the regu-
lator tube as well as the anode of the oscillator are supplied. An
increase in the voltage drop across the regulator resistor thus takes
place. If the device is properly adjusted, the rise in voltage is com-
pletely compensated by the drop across the regulator resistor. A front
view of such a regulator device is shown at the right in Figure 14.

In addition to such measures it is very desirable to incorporate
special frequency controlling devices such as crystals and low power
factor tank circuits. Since crystals, of reliable performance above a
few megacycles, are difficult to obtain, it is necessary to use many
stages of frequency multiplication in conjunction with this type of
master oscillator. Low power factor tank circuits can be applied more
directly and, since they otherwise compare favorably with crystals,
they are more practicable as frequency stabilizers at very high fre-
quencies.

MODULATION

In modulating an oscillator it is sometimes quite difficult to obtain
pure amplitude modulation which is not distorted by variations in
phase or frequency of the oscillation. This difficulty is rather outstand-
ing with the electron pendulum type oscillators.

Higher degrees of purity may, however, be obtained by resorting
to compound modulation, i.e., by applying the modulation energy in
at least two different ways and in such a manner that components
representing undesirable modulation effects are cancelled. In a Bark-
hausen oscillator it is, for instance, possible to obtain amplitude modu-
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lation substantially free from frequency variations by modulating the
plate and grid cophasially with correct proportions of modulating
voltage. An increase in the positive grid potential will tend to increase
the electron velocity while a simultaneously applied decreased nega-
tive potential on the plate will increase the length of path. The fre-
quency of the electron oscillation may thus be kept constant while the
flow of the electron current is being modulated. In order to obtain
linear amplitude modulation over as large a range as possible, the
power output of the nonmodulated carrier must, of course, be reduced
since the maximum output of electron oscillators is very definite.

In master oscillator frequency multiplier types of transmitters,
undesired frequency modulation is less prevalent, but may sometimes
still be desirable to eliminate inasmuch as any variation in the load on
the master oscillator will influence its frequency stability. Compound
modulation, of various types, may thus be used to advantage.

One very effective way of producing amplitude modulation is to
control the power output by interposing a modulator between the trans-
mitter and the antenna. For producing a steady tone, such as required
for interrupted continuous wave telegraphy, a commutator across the
transmission line is very effective. For more universal purposes a
vacuum tube circuit is, however, required. At frequencies above 200
megacycles most vacuum tubes now available are not capable of fur-
nishing efficient conditions for electron transit. In the description of
electron pendulum oscillators it was pointed out that the orbital
motions of the individual electrons are subject to decay as they deliver
their energy to the external circuit. In the case of an absorber the
electrons must instead absorb energy from the external circuit and
deposit the so acquired kinetic energy in the form of heat on the elec-
trodes or the electrons must be so organized that they will serve
efficiently as intermediary links by which the energy is efficiently
directed into resistive load circuits. If the electrons themselves are to
be made to absorb energy, conditions must be set up which give to the
electrons a natural period, or the tendencies for such a period, near the
period of the energy to be absorbed. In such a case, the orbital motion
of the electrons will be of increasing amplitude so that its kinetic
energy will increase. This principle has also been verified in the devel-
opment of apparatus for the production of high speed ions for the
purpose of bombarding atomic nuclei. Periodic oscillations of increas-
ing amplitude are then given to ions instead of electrons.?

3B, 0. Lawrence and M. S. Livingston, “The Production of High Speed
Light Ions Without the Use of High Voltages,” Phys. Rev., April 1, (1932),
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CIRCUIT CONSIDERATIONS AT ULTRA-HIGH FREQUENCIES

If the electromagnetic field, established around an electrical circuit
carrying oscillating energy, has dimensions comparable to the wave-
length, energy will be radiated.

Radiation may be reduced by using a balanced or symmetrical
circuit, one whose adjacent, corresponding parts give rise to electro-
magnetic fields of equal amplitudes at opposite phase. The circuit can
actually be built symmetrical as is done in push-pull circuits or as in
two-wire transmission lines. An originally nonsymmetrical circuit
may be located near a conductive surface, Figure 8.

In the ultra-high-frequency technique, linear conductors are often
used for tuning instead of circuits with lumped constants. The relative
merits of various combinations of tuning circuits may sometimes be
judged by the total number of resonance points obtained. The fewer

Fig. 8—FP-126, single tube, triode pendulum oscillator. Note the ar-

rangement of the nonsymmetrical circuit near a shield and the wedge-

shaped blocking capacitors which serve as tuning sliders. They are

wedged between the conductor and the shield. The surface facing the
shield is lined with mica.

such degrees of freedom, the better is the circuit. These resonance
points arise from many conditions. At very high frequencies, the tube
elements and the internal leads of a vacuum tube form an appreciable
portion of the total tuned circuit. When continuing these elements and
their leads with linear conductors, of dimensions giving constants
which match, no additional degree of freedom is obtained. When using
external circuits with lumped constants, the total circuit does, so to
speak, more definitely consist of several distinctly separated reactance
components. These components may neutralize each other in various
combinations, creating several resonance points. An additional source
of multiple degrees of freedom is also provided by the coupling phe-
nomena created between the various circuits by the capacity combina-
tions between the vacuum tube elements. This effect adds resonance
points to linear tuning systems as well as to tuning systems with
lumped constants. The resonance points so far referred to, are usually
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quite close in frequency. The linear type of tuning circuit may, in
addition to these, respond to octaves or harmonics of the frequency in
which they are fundamentally tuned.

The choice of tuning method is thus determined by many factors.
For low frequencies, the linear tuning method becomes impracticable
on account of the large physical dimensions required. As the frequency
is increased and it becomes possible to use linear tuning, a great num-
ber of harmonics may be obtained if the oscillator is still capable of
producing an output at the harmonic frequency. By using circuits
with lumped constants the harmonic feature may be more easily
avoided. The trouble with coupling frequencies may be minimized,
or avoided, by so adjusting the circuit that only one of these resonant

Fig. 9—Transmission line lead-in detail, showing high
impedance metallic suspension links sometimes called
“metallic insulators.”

frequencies conditions, such as voltage and phase, become of control-
ling influence. At still higher frequencies, where special methods are
used and in which the direct-current potential of the electrodes, in a
larger measure, controls the frequency, the choice of tuning methods
becomes more arbitrary. It may then be determined by other factors
such as mechanical features, cost, space required, etc. When the fre-
quency is so high that the first voltage nodal point appears on the lead
inside the glass envelops of a vacuum tube, or in some other inac-
cessible place, the external circuit must be given characteristics equiv-
alent to the addition of a conductor extending half a wave, or a mul-
tiple thereof, from this nodal point. Such arrangements are especially
guccessful in master controlled circuits which are void of the ability of
self-oscillate.

Linear conductors may, at very high frequencies, replace insulating
supports. Such conductors must then be given a certain length so that
their impedance is very high at the point of support. For this reason
they must also be arranged to be nonradiating in the same manner as
linear tuning circuits. A quarter-wave conductor with one end grounded
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will have high impedance at the other end. For the support of a push-
pull circuit a pair of such conductors may be used. Such a pair then
corresponds to a U-shaped conductor half a wave long from end to
end, with an electrically neutral point at the bend. The losses incurred
from the use of these metallic insulators are usually much lower than
obtainable with insulating material. Their mechanical strength is
superior and their disturbing effect upon the electrical circuit is
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Fig. 10—Bend in a trans-
mission line showing appli-
cation of metallic insulator.

smaller. They have been found particularly useful in transmission-
line work down to frequencies as low as fifty megacycles. Applications
are illustrated in Figures 9 and 10.

It has been found that stranded wires cause very high losses. The
reason is that the twisting increases the inductance of the individual
strands. At very high frequencies a considerable portion of the current
will, therefore, force its way over the shorter and lower reactance path
from strand to strand either capacitively or conductively. Since such
conductors are seldom clean, the losses at such crossovers are very
high. This point requires special consideration in connection with some
of the standard transmitting tubes which are equipped with stranded
connecting leads. It is best to eliminate these leads whenever possible.

For obtaining a direct grounding effect on the filaments of a tube
it is sometimes necessary, for reasons already mentioned, to extend the
length of these leads to make them one-half wave long. In less conven-
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tional circuits certain improvements in the phase and voltage condi-
tions between the electrodes may be obtained if it is possible to tune
the filament circuit. Whether linear conductors or circuits with lumped
constants are used, the easiest way of supplying the filament heating
current is to make the radio-frequency conductor of tubular material
and to locate the leads for the heating current inside this conductor.
Small blocking condensers should then be used at the filament end to

Fig. 11—Front view of 462-megacycle, 6-watt out-
put, UX-852 tube, push-pull transmitter of the
triode pendulum oscillator type.

prevent radio-frequency currents from entering the heating circuit.
Such arrangements are illustrated in Figure 18.

When using larger tubes, of the water-cooled type, the water can
be supplied to the tube jackets through metal tubing which also serves
as tuning conductor. The supply and return water may be handled
either through concentric or independent tubings. The latter is some-
times convenient in that the two parallel tuned circuits thus obtained
allow independent branches for tuning and coupling. (See Figures 17
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and 18.) If these leads also carry high direct-current potential the
water circuit is continued through a rubber hose of adequate length.
This hose is usually attached at a point neutral to radio-frequency
voltages.

During experimental work it may often be found difficult to get a
new circuit going. Since it is much easier to study the sources of
trouble if a circuit is oscillating, it is sometimes valuable to use an
auxiliary trigger or a “catalyst” circuit. The functions of such a cir-
cuit are manifold. The conductive losses of the oscillator circuit may
be too high. There may be an excessive radiation resistance or some
phase and voltage condition may need correction. A catalyst circuit

I e

Fig. 12—Side view of 462-megacycle, 6-watt output, UX-852 tube,

push-pull transmitter of the triode pendulum oscillator type, showing
“catalyst” circuit.

. .-

has, therefore, no definite form but must be made up to suit the
suspected condition. A wide strip of copper, a half wave long, may be
bent around in different ways and placed in various positions near the
tubes or the associated circuits, Figure 12. If, for instance, the trouble
consists of too high resistance in the flexible tube leads, some of the
external circuit tuning may be taken over by the catalyst circuit since
it may be placed in such a position that it is capacitively coupled to the
tube elements directly through the glass envelops without the aid of
the leads. Phase conditions may sometimes be corrected by means of
tuned loops. Most forms of catalyst circuits are applicable in reducing
radiation. The location of shields at certain distances from the oscil-
lator may also sometimes produce desired results.
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EXAMPLE OF TRANSMITTING EQUIPMENT

In order to obtain as complete design data as possible the experi-
mental models have in some cases been developed to such a point that
they would, as nearly as possible, conform with the exacting require-
ments of commercial operation. Many of the considerations in such
designs have already been discussed in a general way. Examples of
such equipment need, therefore, only a brief description.

Fig. 13—Side view of 462-megacycle, 6-watt out-

put, UX-852 tube, push-pull transmitter of the

triode pendulum oscillator type, cathode circuit
tuning is here being used.

1. UX-852 Barkhausen Transmilters

The first two transmitter units were built to operate at a frequency
of 462 megacycles and a wavelength of 65 centimeters. For about a
year they were used for two-way telephony between Rocky Point and
Riverhead. These transmitters, which are shown in Figures 11, 12,
and 13, are of the triode electron-pendulum type. Each transmitter
consists of a pair of UX-852 tubes, operated in push-pull. The tuning
circuits are of the linear conductor type and of the trombone variety.
In one transmitter only the plate and the grid circuits were tuned. The
filament heating current was supplied through choke coils. The oscil-
lator was equipped with a catalyst circuit, Figure 12. This circuit
consisted of sections of three-inch wide metal strips forming a U of
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variable length similar to a trombone circuit. At the end of this U
were flanges, each facing one of the oscillator tubes. As an alternative
the other transmitter was equipped with a tuned cathode circuit,
Figure 13. On account of the heating current leads inside, the filament
tuning conductors cannot conveniently be of the trombone type but
must instead be tuned by a sliding connector. It made little difference
which circuit was coupled to the load. The power was taken from the
plate circuit in this case. Potentiometers for individual control of the
direct-current electrode potentials of the two tubes were also intro-
duced. All tuning, coupling, and potential regulation was performed

Fig. 14—Left: Front view of 432-megacycle, 16-watt output trans-
mitter, consisting of a 144-megacycle oscillator, a buffer amplifier, a
frequency tripler, and an amplitude modulator of the absorber type.
All stages are of the push-pull type, using UX-852 tubes.
Right: Front view of plate voltage regulator for the plate supply of
the oscillator stage and the buffer stage.

from the front of the panel. Radio-frequency ammeters were inserted
at points neutral to radio-frequency voltages. It was due to the desira-
bility of keeping these meters in a fixed position and on the front of
the panel, that the circuits had to be looped over and be tuned by
trombones.

This transmitter was compound modulated. A special modulator.
shown in Figure 23, was built for this purpose.

The positive grid voltage required at 462 megacycles was 500 volts.
The negative plate voltage was 125 volts. The normal filament voltage
is ten volts for the UX-852 tubes. In order to obtain suitable emission
of 250 milliamperes per tube it was necessary to cut the filament volt-
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age down to between seven and nine volts. Due to the great heating
gradient from the grid, the filament emission would at times become
unstable. Some tubes would eventually become stable at about nine
volts. This phenomena was credited to the sensitivity of the thoriated
filaments used in this type of tube. A power output of six watts was
obtained from these transmitters.

2. UX-852 Frequency Multiplier

As a result of the experiments with frequency multipliers, a trans-
mitter as shown in Figures 14, 15, and 16 was built. It is of the push-
pull type throughout. The first stage may either self-oscillate or be
driven at about 144 megacycles. The output from this circuit drives

Fig. 16—Rear view-of the 432-megacycle, 15-watt output, multiplier
type transmitter shown on the left in Fig. 14.

an amplifier, or buffer stage, which gives a power amplification of two
to one. This is the best amplification that could be obtained with the
UX-852 tubes at this frequency. The power from this buffer is fed
into a tripler circuit which delivers 432 megacycles output at about
ten per cent efficiency. The tripler is equipped with means for produc-
ing an axial magnetic field of about 150 gauss. The power output
obtainable from this transmitter is fifteen watts. All the tube elements
are tuned and the tuning circuits are of the linear conductor type and
of both the trombone and slider variety, depending upon the need.
One of the reasons for studying frequency multipliers has been the
need of greater frequency stability and the particular adaptability of
this method to frequency control. Crystal control was one of the first
methods to be tried. An auxiliary control circuit was built which con-
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sisted of a crystal oscillator operating at about two megacycles followed
by six stages of frequency multipliers. The crystal circuit and the first
four stages were single sided circuits employing UX-210 tubes. The
last of these stages fed into the combination of a single UX-860 buffer
and a single UX-852 doubler driving a push-pull UX-852 tripler
circuit, raising the frequency from 48 to 144 megacycles. It was found

Fig. 17—Frequency multiplier transmitter, con-
sisting of a 137-megacycle, 1500-watt output,
triode feed-back oscillator (in the background)
and a tripler, with organizing magnetic field, giv-
ing an output of 1156 watts at 411 megacycles.
Both stages use RCA-846, water-cooled tubes in
push-pull formation. Note lamp loaded wave-
meter (same as in Fig. 7).

beneficial, even in this frequency region, to introduce an axial magnetic
field. The field strength required was less than 100 gauss. The output
from this auxiliary frequency control circuit was then used to drive
the first 144-megacycle stage of the transmitter.

For modulation, a push-pull UX-852 absorber was used which was
connected across the antenna transmission line as shown in Figure 16.
The length of the connecting leads to the absorber were such that
optimum modulation effect would be obtained. These leads were con-
nected to the grids of the absorber which act as modulation terminals.
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The plates may be left floating since they have no part in the circuit.
The grid and the filament circuits are tuned. The grids are given a
positive bias of about sixty volts, which causes them to draw a current
of about five milliamperes each at an axial magnetic field of 200 gauss.
The modulation voltage as well as the radio-frequency carrier to be
modulated were then superimposed upon this grid condition. In this
way it was possible to obtain linear amplitude modulation of about
35 per cent.

Numerous arrangements for replacing the complicated crystal
drive, with its many multiplier circuits, have been tried. These ar-
rangements consisted of various forms of low power factor circuits
connected to the grids of the 144-megacycle oscillator. Some of these
arrangements have proved very successful in that stability approach-
ing that of crystals was obtained. Data on such circuits have already
been published and further information may be published later.

3. RCA-846 Frequency Multiplier Transmitter

Although the design of a semicommercial model of this apparatus
has not been finished, at the time of writing this paper, it appears to
have sufficient points of interest to warrant being included among the
transmitter examples in its experimental form, Figures 17 and 18. It
consists of a push-pull oscillator operating at 137 megacycles furnish-
ing power to a push-pull frequency tripler. The tripler is provided
with an axial magnetic field. All the tubes are RCA-846 water-cooled
tubes. The tuning circuits are of the linear conductor type and ar-
ranged similarly to the circuits for the UX-852 multiplier. The tubular
plate tuning conductors also carry the water supply to the plate
jackets.

Several optimum circuit combinations, each requiring a different
magnetic field, could be obtained. With an input to the tripler of 1200
watts the best output obtained when using a magnetic field was 115
watts at an output frequency of 411 megacycles. The magnetic field
required for various circuit arrangements varied between 100 and 300
gauss. When using no magnetic field the best circuit arrangement
would give an output of 35 watts.

4. Triode Feed-Back Circuits

Great progress has been made recently in the development of tri-
odes for operation, according to the conventional feed-back method,
at very high frequencies. Transmitting tubes have been developed
which will give good output up to as high frequency limits as 300
megacycles. (ZP-94 curve in Figure 1.) It is therefore no longer
necessary to resort to special methods for frequencies of this magni-
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tude. These developments have, however, also resulted in a propor-
tional increase in the frequency borders of the frequency multiplier
method and it is now possible to consider this very stable method in
the 1000-megacycle region.

ANTENNAS AND TRANSMISSION LINES

In designing directional antenna systems, choice can be made be-
tween two general principles. The first one, which may be called the
Hertzian method, consists in redirecting the radiated energy from a

Fig. 18—411-megacycle, 115-watt output, RCA-846 water-cooled tube,
push-pull tripler with parallel coil system magnet for producing or-
ganizing magnetic field.

single nondirective radiator into one direction. This is done by means
of a parabolic, metallic reflecting surface or by means of conductors
arranged in a parabolic array. The perfection of the method depends
upon the size of the reflector system, measured in wavelengths.

In the second method no reflecting surfaces need be employed. The
origin of radiation is instead distributed. A number of radiating
elements, such as dipole antennas may be so spaced and phased that
they add up very efficiently only in diametrically opposite directions.
By further combination, radiation in one of these directions may also
be eliminated. )

Several years ago the method of combining straight harmonic
radiators instead of dipoles was introduced by R.C.A. Communications,
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Inc.t This principle has greatly simplified the details of directive
antenna design. Detailed descriptions of such systems have been pub-
lished previously in the Proceedings.® As the nmame indicates, the
harmonic wire antennas are based on the standing wave principle.
When the frequency is sufficiently high so that it becomes possible to
make the length of the radiators on the order of 50 to 100 wavelengths,
the radiation attenuation becomes so great that very little energy
reaches the far end of the wires. The antenna then becomes unidirec-
tional and aperiodic. This is a great simplification since it makes re-
flector systems and tuning arrangements unnecessary. An antenna of
this type is shown in Figure 19. It is commonly known as a V antenna.

Fig. 19—Feed end of the V antennas.

A V antenna 100 wavelengths long should have an angle of 9.8 degrees
between the wires. The power gain, over a doublet, is more than 100.

It may at times be desirable to provide an antenna entirely free
from back radiation. Such an occasion may arise when the transmit-
ting and receiving antennas have to be closely located and operate on
near-by frequencies. An antenna having a metallic sheet reflector is
then desirable since it is more perfectly free from back radiation than
other antenna types. In order to avoid curved reflector surfaces, an-
tennas as shown in Figure 20 were designed. This antenna consists of
rectangularly bent wires with half-wave distances between the bends.
By combining several such wires an arrangement is obtained in which

4 Lindenblad, U. S. Patents No. 1,884,006 and No. 1,927,522.

5P, S. Carter, C. W. Hansell, and N. E. Lindenblad, “Development of
Directive Transmitting Antennas by R.C.A. Communications, Ine,” Proe.
I.R.E., Vol. 19, pp. 1773-1848; October, (1931).
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all the vertical elements are free to radiate and are of the same phase,
whereas all the horizontal ones have their radiation cancelled by a
horizontal member of another wire in juxtaposition. The various bent
wires are attached to a common feeder line in pairs, at half-wave
intervals. The wires are supported by means of insulators or metal
columns at the voltage nodal points. The whole system is mounted in
front of either a metal screen or a solid metal sheet at a distance of
about a quarter of a wave or an odd multiple thereof.

Some workers have followed the practice of building the transmit-
ter and antenna system together as a single unit. This is undesirable
in many cases because the antenna must be at a great height to obtain

Fig. 20—“Billboard” type, directive antenna.

great range. A transmitter located at the antenna cannot be serviced
conveniently. Consequently, it is often desirable to locate the antenna
and transmitter some distance apart, requiring the use of transmission
lines of considerable length. On most occasions this has been the prac-
tice. A study of the characteristics of such lines had therefore to be
made. Balanced lines using No. 4 B&S and No. 6 B&S wire were inves-
tigated. Inductive coupling to the line under test was employed to
minimize the effect of reflections and unbalance in the connecting lines
from the transmitter. The measurements on the lines were made with
the aid of a sensitive thermogalvanometer which made it possible to
use very small capacitive coupling to the wire system, thus avoiding
disturbance of the natural capacity and resistance of the line. The
relatively large amount of power (100 watts) available from the fre-
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quency multiplier transmitter was an important factor in making it
possible to use very light coupling between the measuring instrument
and the wires. The measurements included determining losses and also
velocity variations due to moisture on the wires. The loss measure-
ments were carried out at a frequency of 405 megacycles and the
velocity measurements at 422 megacycles.

For No. 4 B&S wires spaced one inch apart the calculated value of
the attenuation constant per 100 feet is 0.037. The measured average
is 0.045. This corresponds to an efficiency of 91.4 per cent for a 100-
foot line and 40.7 per cent for a 1000-foot line. The theoretical value
of the attenuation constant for a No. 6 B&S wire is 0.042 per 100 feet
and the measured value is 0.050. This corresponds to an efficiency of
90.5 per cent for a 100-foot line and 36.8 per cent for a 1000-foot line.
It was found that the difference between losses on clean and weathered
wires was too slight to be measured. These measurements indicate
that it is practical to use balanced, closely spaced, two-wire transmis-
sion lines up to several hundred feet in length. For longer lines, the
more expensive large diameter concentric conductor type of line must
be chosen if good efficiency is to be maintained.

The presence of spacers, if made of good material and if used spar-
ingly, usually add very little to the loss in dry weather. In wet weather,
however, the loss and the reflections caused by such spacers are very
serious handicaps. They are avoided entirely by using U-shaped half-
wave conductor suspension loops, or “metallic insulators.”

During rain the increase in loss from the presence of a water film
on the wire was found negligible. The wave velocity along the line
did, on the other hand, show a very marked decrease. Weathered and
polished wires also showed a very marked difference in their ability
to hold water. A horizontal line made of new No. 6 B&S wires with
one-inch spacing was found to hold enough water to reduce the velocity
by three per cent. The distribution of the water was very beady. The
thickness of an evenly distributed water film required to cause this
amount of variation in velocity was found by calculation to be 0.008
inch. The distribution of the water on a weathered wire was much
less beady and was more evenly distributed. The velocity change for
maximum water condition was 0.6 per cent, corresponding to a uniform
film thickness of 0.002 inch. The maximum reduction in velocity for
a weathered No. 4 B&S wire was 0.5 per cent.

From these values, the velocity change on a more open-wire system
such as a V antenna can be calculated. For such a system the velocity
change for weathered wires amounts to about 0.2 per cent or less. This
ig fortunate since the change will ordinarily not have sufficient influ-
ence upon the characteristics of a hundred-wave antenna to be serious.
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Such variations and even greater ones can, however, be expected dur-
ing sleet storms. In some commercial installations it will be necessary
to provide for sleet melting. There are a number of ways in which
this can be done with long wire antennas.

PROPAGATION TESTS

The chief purpose of the transmitter equipment which has been
developed in accordance with the principles just outlined has been to
study propagation in new frequency regions. Since the results of some
of these tests are quantitatively described in detail in a paper by B.
Trevor and R. George,® only some of the results obtained will be given
in this paper.

Fig. 21—Rocky Point receiving equipment for 200- to
500-megacycle signals.

After preliminary local tests, communication between Rocky Point
and Riverhead, a distance of fourteen miles, was established. The
6-watt, 462-megacycle Barkhausen transmitter shown in Figures 11,
12, and 13 was used. This equipment was duplicated so that two-way
telephony could be carried on. The Rocky Point receiving equipment
is shown in Figures 21 and 22. Both transmitting and receiving an-
tennas, which were of the billboard type shown in Figure 20, were
mounted on supports fifty to seventy-five feet high in order to be in
line of sight. As is usual when there is line of sight between trans-
mitting and receiving antennas, no fading was observed. Rain, snow,
and dense clouds of smoke from forest fires seemed to have no effect
on the signals. The absence of fading on this circuit was a desirable

8 B. Trevor and R. George, “Notes on Propagation at a Wavelength of
Seventy-Three Centimeters,” Proc. I.R.E., Vol. 23, pp. 461-470; May, (1935).
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feature since its purpose was to test the stability of transmitters and
receivers. The equipment was used later for propagation studies under
more difficult space-circuit conditions.

The Barkhausen transmitter, at Rocky Point, Figures 11, 12, and
13, was eventually replaced by a frequency multiplier unit, Figures 14,
15, and 16, capable of delivering up to 15 watts at 432 megacycles. The
Rocky Point-Barkhausen and low power multiplier set-up is shown in

Fig. 22—Triode pendulum detec-

tor with trombone tuning cir-

cuits. Detail of unit in the back-
ground of Fig. 21.

Figure 23. Two horizontal V antennas were also erected. They were
both seventy feet above the ground. One was 70 waves long and
directed eastward on Riverhead. The other was 100 waves long and
directed westward on the Empire State Building in New York City,
fifty-six miles away. Signals from these antennas were observed with
a portable receiver and a small directive antenna mounted on top of
a car. Signals without fading were received at distances up to thirty
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TABLE 1
ExaMPLES OF ULTRA SHORT-WAVE TRANSMISSION

. ~ Distance Elevation
E;',fcy Fgl?‘vgl Meters V“:“" Terminals of Investigators
ega- | Centl- o Test Circuit
cycles [meters| km miles a b
60 500 205 128 700 530 3.87 Nice-Corsica { ;)itlx:':xst. Ferrid
40 750 450 284 1462 0 1.1 Ilawaii-Kauai Pﬁl\;fsrealfe.
40 750 145 20 518 ] 1.446| Kauai-Oahu Peterson,
xllﬂelld.
Matthews
44 682 446 278 1916 387 1.32 Elni&ire State
61 492 Il‘iﬂl {l‘;ngﬁ- gt Jones
. Washington
527 57 270 168 750 340 1.58 Rocea di Papa—| Marconi,
Cape Figari Mathijeu
527 57 85 58 750 0 |—3.0 Rocca di Papa— e
Yacht Elettra *
430 70 90 56 804 51 2 Rocky Point— Lindenblad,
Empire State Dow. George,
Building Trevor
411 73 96.5 60 52 18 1.22 Rocky Point— “
Montauk Point
406 74 180 112 70 116 1.16 Rocky Point— "
Arney's Mount “
400 74 105 65 70 65 1.43% Rocky Polnt—
Atlantic High-
oc! nt—
406 4 274 170 70 2287 1.88 Alrplane

will be equal to the curvature of the earth. According to Humphrey
the value of m for light is 5.7. Others have given it values as high as
10. The results given in the table may be judged by the smallness of
the factor m. It can be seen that for frequencies above 30 megacycles,
the Hawaii-Kauai telephone circuit has a very highly curved propaga-
tion path. At frequencies above 300 megacycles, very high curving was
obtained on the test circuit between Rocky Point and Arney’s Mount.

ACKNOWLEDGMENT

The research and development outlined in this paper naturally rep-
resent the combined efforts of many individuals. Messrs. O. E. Dow
and Bernard Salzberg have contributed much to the transmitter de-
velopment. Messrs. R. W. George and Bertram Trevor have developed
the receiving equipment and made the propagation observations. Mr.
E. E. Spitzer and associates at the RCA Radiotron Company and Mr.
P. S. Carter of R.C.A. Communications, Inc., have rendered very valu-
able assistance. The author wishes to express his thanks to Messrs.
H. H. Beverage, C. W. Hansell, and H. O. Peterson for their many
valuable contributions and for encouragement given.

WWW amereanradiehistor.com e


www.americanradiohistory.com

TRANSMISSION OF 9-CM. ELECTRO-
MAGNETIC WAVES

By

IrRVING WOLFF AND E. G. LINDER
Research Division, RCA Manufacturing Company, Inc., Camden. N. J.

Summary—A 9-cm beam transmitter and a receiver are described for
making tests of the transmission of electromagnetic waves of this wave-
length.

Using this transmitter with the receiver placed at a geries of locations
from % up to a line of sight distance of 16 miles, measurements of field
strength failed to show any mnoticeable attenuation due to the atmosphere.
A series of more accurate tests comparing the transmission over a 2-mile
distance during alternate clear and rainy periods indicated that the attenua-
tion due to rainfall was less than .I db per mile.

tories on the generation and reception of waves 10 cm. in

length and shorter. However, for their practical application
it is not only necessary to know that they can be generated and re-
ceived, but we must also have data regarding the extent to which they
are attenuated in the atmosphere, and the effect of weather conditions
such as rain, snow and fog on their transmission. A series of tests
to determine the attenuation of normal atmosphere were undertaken
during the summer of 1934 at Atlantic Highlands, New Jersey, in
cooperation with the U. S. Signal Corps, at Fort Monmouth and during
the Spring of 1935, a system was placed in continuous operation be-
tween the laboratory at Camden and one of the tall buildings in Phila-
delphia, for the purpose of determining the effect of rain on the
transmission.

g_ NUMBER of tests have been carried out in different labora-

The apparatus which was used in both of these tests was similar
to that described in an article published in the Proceedings of the
Institute of Radio Engineers in the January 1935 issue. A photograph
of the transmitting apparatus is shown in Figure 1.

The transmitter consisted of a specially constructed magnetron
connected to a half-wave antenna in the focus of a 4 ft. parabolic
reflector, with appropriate voltage regulation of the supply circuits so
that the output of the transmitter would remain reasonably constant
without adjustment. Only a brief description of the tube and accom-
panying circuits will be given here. For more details, reference can
be made to the article which appeared in the Proceedings of the Insti-

Reprinted from Broadcast News, December, 1935.
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tute and an additional article which will appear shortly. A diagram
of the tube is shown in Figure 2. This tube has for its basis the split
anode magnetron which is shown diagrammatically in Figure 3. The
split anode magnetron consists of two separated halves of a cylinder,
whose axis is concentric with the filament, which are individually
attached to the two halves of a two-wire balanced transmission line.
The other end of the transmission line is terminated by a one-half
wave antenna. This differs from the magnetron which is used at lower
frequencies in having the anode in two parts, whereas, in the usual
magnetron the anode is a continuous cylinder about the cathode and
the oscillations are taken off between the cathode and the anode. The

Fig.1 Fig. 2

high frequency split anode magnetron differs also in its mode of oper-
ation from the ordinary magnetron in the adjustment of the magnetic
field.

When a magnetron is used at the lower frequencies the magnetic
field should be just strong enough to prevent the electrons from reach-
ing the anode to put the tube in an oscillating condition. As the
potential applied to the anodes is increased a stronger magnetic field
is required to do this. However, oscillations at a particular frequency
can be obtained with a wide variety of electric and corresponding
magnetic fields, the frequency being determined by the external circuit.
As we attempt to continuously raise the frequency, we find that oscil-
lations no longer take place for all adjustments of the plate potential
and magnetic field in which the electrons just fail to reach the plate,
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even though an external circuit is provided which could oscillate at
the correct frequency. A further study shows the reason for this. The
time taken for the electrons to go from the filament to the plate be-
comes an appreciable part of the cycle so that the phase relations,
between current and voltage, which are required to deliver energy to
the oscillating circuit no longer hold. Under such conditions it is nec-
essary to time the arrival of the electron at or close to the anode in
such a way that the correct phase between current and voltage will
continue to be provided. This requires that the speed of travel of the
electron across the tube be taken into account, a factor which is almost
negligible in a consideration of oscillation, even in the so-called ultra
short wave band between 3 and 10 meters. It has been found that the
tube will oscillate at high frequency if the time it takes the electrons

ANOOLS FILAMENT
/ FILAMENT
—5l
d ¥ vaes
j“"’IE
MAGNET TRANSMIS SION ['"\"_]

POLEPITES LINE
MODULATION
Fig.3 Fig. 4

[l
I

to make a complete circuit in the tube from cathode in the direction
of the anode and back to cathode again, is equal to the period of the
wave it is desired to produce. This adjustment is quite critical. The
oscillations which depend on adjusting the electron speed to the period
of the wave have been called “electronic oscillations.” The time that
it takes the electron to go from cathode to anode has been called the
“transit time.”

The tube which was used for the transmission tests was an im-
proved type of split anode magnetron in which an electric field in the
direction of the magnetic field was added in addition to the transverse
electric field between cathode and anode. This electric field was ob-
tained by placing two metallic discs at the open ends of the cylindrical
anodes and supporting them so that they are insulated from the
cathode. They were both operated at a potential approximately three-
quarters that of the anode potential. Their function was to draw
electrons from the inside of the cylinder. A theoretical and experi-
mental consideration had shown that a tilting of the tube without end
plates was required to allow electrons to spiral out from the region
inside the anodes, so as to obtain proper space charge conditions for
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maximum oscillation. In the case of the ordinary split anode mag-
netron, the relative adjustment of angle of tilt and plate voltage is
very critical and if either one is changed the other must be changed
to some new value, in order to continue oscillation. In a tube using
the end plates, stability of operation is much better. This is due to
the fact that the anode and end plate potentials may be taken from the
same voltage supply and therefore will vary proportionately. It has
been found that when the anode potential is varied the end plate
potential, which is required in order to maintain oscillation at the
maximum value, is very nearly that which keeps this proportionality
constant.

Since the output of the tube depends on the ratio between end plate
and anode potential, modulation can be easily obtained by varying
either one of these independently of the other. In order to modulate
the transmitter, we therefore place the secondary of the modulation

Fig. 5

transformer in series with the anode supply, and adjust the anode
potential so that oscillation amplitude for no modulation is approx-
imately one-half the maximum. This allows the output of the tube to
swing from close to zero to maximum for full modulation. A diagram
showing the modulation system, the antenna, and the reflector used
with the transmitter is shown in Figure 4. It will be noted on this
diagram that the anode supply is brought in across a line which
appears to be shorted directly across the transmission line. This bar
has two purposes. In the first place, it acts as a short circuit for long
wave parasitic oscillations which the tube would like to generate, if it
were not prevented from doing so. In the second place, its position
is adjusted so that the capacity between the halves of the anodes and
the inductance of the small loop circuit is correct to tune to the fre-
quency of oscillation.

The receiver consisted of an iron pyrites crystal attached to a small
loop, which was placed in the focus of a 4-foot reflector and does not
require further explanation. The output of the crystal was attached
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to an audio amplifier which in turn was fed into a tube detector and
microammeter for the first tests, and into an Esterline recording
meter for the tests which were made to determine the transmission
through rain.

In the tests that were made at Atlantic Highlands, the transmitter
was placed close to Navesink Light House which is on a hill about 200
feet above sea level.

The transmitter as set up for the tests is shown in Figure 5. The
receiver, mounted on the stern of the test ship is shown in Figure 6.

The apparatus to the right of the transmitter in Figure 5 has no
connection with these tests. These pictures are supplied through the
courtesy of the Signal Corps Laboratories at Fort Monmouth. The

A

PEOSORTIONAL D PLD JTRLETM

TITANCE ey

Fig. 6 Fig.7

line of sight range to the horizon from this point was approximately
17% miles. A number of readings were taken at different distances
from the transmitter. The transmission distances were from one-half
to five and one-quarter miles over land, and eight to sixteen miles over
water. The signal which was received at the 16 mile distance was
sufficiently strong so that it would have been possible to move the
receiver out to 40 miles before the signal intensity became equal to
the amplifier noise. Some previous measurements had shown that the
output of the crystal detector was proportional to the square of the
signal strength. This fact, along with the amplifier gain control get-
ting, made it easy to calculate the relative field strength at each one
of the points where the receiver was set up. In Figure 7 the relative
field strengths are plotted against the distance on log-log coordinate
system. If attenuation in the atmosphere is negligible the signal
strength should decrease inversely as the distance from the trans-
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mitter, since the radiation is in the form of a cone starting at a rela-
tively short distance from the transmitter. The points should lie along
a straight line of slope —1. The line ab has been drawn through the
half-mile point with this slope. There is no indication that there is
any attenuation other than that due to the spreading of the energy.
There was considerable uncertainty in the readings since the crystal
had to be readjusted at each point, and the transmitter output may
have shifted somewhat. Nevertheless, we can safely say, that attenua-
tion in the clear atmosphere for 3000 megacycle electromagnetic waves
is negligible up to distances of 16 miles, and probably more.

The measurements which were made at Atlantic Highlands were
all conducted when the weather was clear, although at the time of the
16-mile test there was sufficient haze so that the transmitting point
could not be seen from the receiving point. In the next series of tests,
an attempt was made to determine whether the water in the atmos-
phere during heavy rain or fog would be sufficient to attenuate the
3000 megacycle signal. Although the amount of water present in a
heavy rain storm over a distance of 20 miles, if concentrated into a
single sheet, would definitely be sufficient to affect the transmission,
we should expect a smaller effect to be caused by the rain because of
the relatively small size of the rain drops compared to the wavelength.

TaBLE I. DRoP SIZE AND SPACING FOR DIFFERENT TYPES OF RAINFALL,
Mist AND Fog.

) @ ) [©)) (3) 6) @) 8) ) (10)
Vel- Thickness
Diam. Mass ocity Water Drop Frac. of of water
Precipi- of of of fall mg. No. of spac- water layerin
tation drop  drop in per per m® drops ing byvol. em.in2
mm/hr. mm. grams sec. air  perm? (em) inair mi. path
Fog.oooveeennenn co 01 5.2-10-10 .003 6 1.2- 107 43 6 -10° 19-10-3
Mist.......ounuue .05 .1 5.2-10-7 .25 55.5 1.1-10% 2.1 5.5-10-* 1.8-10-2
Drizzle.......... 25 .2 4.2-10° 75 92.6 22-104 36 93-10% 3.0-10-2
Light Rain...... 1.00 45 4.8-10-8 2.00 138 29108 7.0 1.4-10-7 4.4.10-2
Moderate Rain.. 400 1.0 52-10 4,00 277 53.10° 123 28-10-7 8.9 102
Heavy Rain..... 15.00 1.5 18-10- 5.00 833 46100 130 83107 27101
Excessive Rain. 40.00 2.1 4.9 - 10-3 6.00 1850 3.8-10° 13.8 1.8-10-¢ 59-10!
Cloudburst...... 100.00 3.0 14-10-® 7.00 5400 39-100 137 54-10% 17
Snow (Heavy) .25 1100
estimated to to
melted......... 4.00 100 4500

In Table 1, various data on fog and rain are given. Columns 1, 2,
3, 5, and 6 were taken from Humphreys’ “Physics of the Air.” Columns
4,7, 8,9 and 10 have been computed from Humphreys’ data. The data
on snow are our own estimates.

Since the effect of water in the atmosphere may be considered as
an attenuation phenomenon, and therefore exponential with respect to
distance, the measurements had to be made over as large a distance as
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possible, in order to obtain sufficient accuracy. In view of the fact,
that any surfaces when wet might have reflected the waves differently
than when dry, it was also desirable that not only the test location be
line-of-sight from the transmitter, but that there be a minimum of
buildings or other objects on the side of the beam, particularly near
the line joining the receiver and transmitter. This meant approxi-
mately that there should be as few objects as possible in the circular
cone of vertex angle 10 degrees, whose vertex was on the transmitter,
and whose axis was the line joining the receiver and transmitter.
An inspection of the available locations in the neighborhood of
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Camden showed that these conditions could be most effectively and
conveniently met by installing the transmitter on one of the upper
floors of the engineering building, and the receiver in one of the tall
buildings in Philadelphia, as far from the transmitter as possible. A
location on the 34th floor of 12 S. 12th St., Philadelphia, was found
suitable for the receiver. This was two miles from the transmitter.

The transmitter-receiver system was first maintained in operation
during several clear days, so that an idea of the constancy of output
to be expected could be measured. Having obtained these data, we
hoped that several rainy periods would occur and permit a determina-
tion of the difference in transmission, after which an additional cali-
bration could be made in clear weather to determine whether any
change had taken place in the equipment.
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On May 6 and 7, 1935, conditions were very favorable for deter-
mining the effect of rainfall on the transmission. Some very heavy
short showers took place, followed by periods of no rainfall. The chart
of rainfall for these days taken from the tipping bucket chart of the
U. S. Weather Bureau at Philadelphia through the courtesy of Mr.
Bliss is shown in Figure 8. The place where the rainfall was recorded
was very nearly on the straight line joining the transmitter and re-
ceiver points, and about one-half way between them. It was also for-

"tunate that the transmitter and receiver had been in continuous oper-
ation for several days previous to these dates.

"
g - 1}
—— 1
aad ‘\.‘—_// |
1 \',ﬂ"l/
HE—
PV MRY & T © R A
'8' z
b o ~—~——
. el—
g '
£ 2 o emfm e m—emm o -
o é M MRy T 5 Y 5 3
get
fed N
3 ; H k\,/u\_/\..___,__\,
: e .
i: = !
L
£ AWM 3 [ W :
& 7
it
v il o
7\ l'\
/ L% JAY
NOON MY 7 1 - p
TIME HOURS
Fig. 9

The meter record from 6 P. M., May 6 to 6 P. M., May 7, is shown
on Figure 9. The heavy line represents the field strength, the dotted
line the rainfall. The maximum fluctuation in output was 1 db. This,
however, was not connected with rainfall and also was recorded on
clear days. The sharp rise at 8:45 A. M. was caused by a change which
was made in the transmitter magnetic field. The first rainfall took
place at about 11 P. M., reaching a maximum intensity of 2.4 inches
an hour, which is what Humphreys calls an excessive rain. There were
other showers from 3:45 to 5:30 A. M., and shortly after noon. The
one at 12:30 reached almost cloudburst intensity. With the exception
of the early morning shower the short duration of the rainfall makes
it improbable that the whole region between the transmitter and re-
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ceiver was filled with rainfall of maximum intensity at any one time.
Comparison of the curves for field intensity and rainfall show that the
maximum amplitude attenuation, if any, is less than .1 db. per mile.

On the basis of the data which were obtained, and Table I we are
able to decide whether the lighter forms of rain and fog, mist, or snow
should affect the transmission. To do this we will consider the amount
and distribution of water in the air separately. Table I shows that
the mass of water per unit volume was greater for the rains which
were tested than for any other form of precipitation and therefore on
this basis alone should have caused the greatest effect. As the rain
becomes lighter the mass of water decreases and the drop size becomes
smaller, but the spacing decreases also. Conditions approach closer
to that of water vapor. It is, therefore, interesting to compare the
mass of water vapor per cubic meter in saturated air with the water
in the air due to the rainfall. (It seems fair to assume that the air is
near saturation during all forms of rainfall.) The Smithsonian tables
give the water vapor as 22 gms. per cu. meter at 20 degrees C. and
760 mm. mercury pressure. It is rather surprising that this is four
times the amount of water due to a heavy rain, and almost 4000 times
that of the droplets in a fog. It therefore appears as if the effect of
the water vapor should be greater than that of the free water when it
is very finely divided and closely spaced and that, therefore, by making
the measurement in a heavy rain, the most severe conditions have
been encountered.

The comparatively large amount of water in a saturated atmos-
phere points to the possibility that more effect on transmission might
be expected under conditions where the path traverses regions of vari-
able vapor content, than during times of precipitation when humidity
is relatively constant. A calculation of the relative index of refraction
of moist and dry air, assuming that there is no anomalous change in
the dielectric constant at 3000 megacycles, compared to lower fre-
quencies, indicates that it should be of the order of 1.0001. The figure
of 1.0001 requires either many transitions, or interfaces at very glanc-
ing angles to cause noticeable variations in transmission.

In conclusion we may say that the tests, both at Sandy Hook and
at Camden, have shown for 3000 megacycle electromagnetic waves:
(1) that the attenuation in a clear atmosphere is negligible up to a
distance as great as 16 miles, and (2) that the attenuation of the field
caused by heavy rain, is less than .1 db. per mile; (3) that an investi-
gation of the water content and drop size of fog, mist and light rain
show that their effect on the transmission should be less than that of

heavy rain.
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Papers Published in Summary Form

Part I—Ultra-High Frequencies Below 300 Mc.

FREQUENCY ASSIGNMENTS FOR TELEVISION
By

E. W. ENGSTROM AND C. M. BURRILL
RCA Manufacturing Company, Camden, N. J.

SUMMARY

This article is not a report of original work, but is a correlation
or synthesis of information pertinent to the subject, available to the
authors within the RCA Services or through published papers. Since
the results of all have been taken into account it has not seemed feasible
or desirable to give credit to individual sources except to mention the
article by H. H. Beverage entitled “Some Notes on Ultra Short Wave
Propagation” appearing in this number of RCA REVIEW, and the bib-
liography forming a part of that article. Much credit is due collectively
to the many workers in this field, who have made possible the drawing
with reasonable certainty of the conclusions here stated. The basic
plan of any new service must always be determined by the work of
such pioneers, before commercial experience has made everything
plain. Because fundamental plans for broadcast television are now in
the making, it is hoped that this brief article will be found both timely
and interesting.

Published in RCA Review, January, 1937.

TELEVISION TRANSMITTERS OPERATING AT
HIGH POWERS AND ULTRA-HIGH
FREQUENCIES

By
J. W. CONKLIN AND H. E. GIHRING
RCA Manufacturing Company, Inc., Camden, N. J.
SUMMARY

A general review of some of the unusual problems encountered in
the development of high-power ultra-high-frequency transmitters and
particularly television power amplifiers. Tube and circuit problems
are discussed and also some of the difficulties encountered with asso-
ciated components.

Published in RCA Review, July, 1937.
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THE REQUIREMENTS AND PERFORMANCE OF A
NEW ULTRA-HIGH-FREQUENCY POWER TUBE

By
W. G. WAGENER

) Formerl‘v with
Research and Engineering Department, RCA Manufacturing Company, Inc., Harrison, N. J.

SUMMARY

Large values of power are difficult to obtain in the ultra-high-
frequency region. At the limiting frequencies it is increasingly more
difficult to find vacuum tubes that will deliver such power and perform
efficiently. The principal factors that affect the design and perform-
ance of the tubes are those involving the electrical circuit, the size
requirements for the power desired, and the transit time of the elec-
trons within the evacuated space of the tube.

The design principles that result from a consideration of these
factors have been used in the development of a new ultra-high-
frequency triode. A triode capable of delivering approximately 700
watts at 100 megacycles is described. This tube, which is cooled by
water and air, is capable of operation as a neutralized power amplifier
up to 200 megacycles with an output of approximately 500 watts.

Published in RCA Review, October, 1937.

EFFECT OF ELECTRON TRANSIT TIME ON
EFFICIENCY OF A POWER AMPLIFIER

By
ANDREW V. HAEFF
Research and Engineering Departmment, RCA Manufacturing Company, Inc., Harrison, N. J.

SUMMARY

Measurements of the plate efficiency of a neutralized triode ampli-
fier operated at high frequencies are reported. The results are com-
pared with those obtained for an oscillator operated at the same
frequency. At a frequency at which the oscillator efficiency approaches
zero the amplifier efficiency is found to be reduced to only 50 per cent
of the low-frequency value. It is shown that the difference in efficiency
is primarily due to a large phase angle between the plate current and
the grid voltage produced by the electron transit time.

Published in RCA Review, July, 1939.

ON THE OPTIMUM LENGTH FOR TRANSMISSION
LINES USED AS CIRCUIT ELEMENTS

By
BERNARD SALZBERG
Research and Engineering Department, RCA Manufacturing Company, Inc., arrison, N. J.
SUMMARY

The existence of an optimum length for transmission lines which
are tuned by low-loss capacitor to give maximum sending-end imped-
ance is discussed. This optimum length is found to be 0.185Ax for a
shorted line and 0.472X for an open-circuited line, resulting in imped-
ances 14 and 3 per cent higher, respectively, than can be obtained from
lines without tuning condensers.

Published in Proc. I.R.E., December, 1937.
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A STUDY OF THE PROPAGATION OF
WAVELENGTHS BETWEEN THREE
AND EIGHT METERS

By

L. F. JONES
RCA Manufacturing Company, Inc., Camden, New Jersey

SUMMARY

A description is given of the equipments used in an airplane,
dirigible, automobile, and indoors to measure the propagation charac-
teristics of wavelengths between about three and eight meters. The
majority of observations were of television transmissions from the
Empire State building.

The absorption of ultra-short-waves traveling through or around
large buildings is shown to be in terms of amplitude about 50 per cent
every 500 feet for seven meters and 50 per cent every 200 feet for three
meters. A number of reflection phenomena are discussed and the influ-
ence of interference patterns on receiving conditions is emphasized.
It is shown that any modulation frequency is partly or completely
suppressed if propagation to the receiver takes place over two paths
differing in length by half of the hypothetical radio wavelength of the
modulation frequency. For a good television picture this corresponds
to a difference of about 500 feet.

Various types of interference are mentioned. There are maps of
the interference patterns measured in a typical residential room. The
manner in which traffic movements cause severe fluctuations in ultra-
short-wave field strengths at certain indoor points is shown by re-
corded field strengths.

It is shown that the service range of the Empire State transmitters
includes most of the urban and suburban areas of New York, and that
the interference range is approximately 100 miles. Variations of field
strength with altitude, beyond line of sight, are shown. Observations
made at a distance of 280 miles are described.

An empirical ultra-short-wave propagation formula is proposed.
Curves are then calculated showing the relations between wavelength,
power, range, attenuation, and antenna height.

Published in Proc. I.R.E., March, 1933, and Television, Vol. 1, 1936.
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AN URBAN FIELD-STRENGTH SURVEY AT THIRTY
AND ONE HUNDRED MEGACYCLES

By

R. S. HOLMEsS AND A. H. TURNER
RCA Manufacturing Company, Inc., Camden, New Jersey

SUMMARY

A description is given of the transmitter and receiver equipment
used in making field strength surveys in the Camden-Philadelphia area
for a low power transmitter whose antenna is 200 feet above the
ground, at frequencies of thirty and one hundred megacycles.

Field strength contour maps for the area within approximately
ten miles of the transmitter are given. From these maps the average
field strength obtained at various distances from the transmitter was
determined, and the attenuation of the signal was found to be pro-
portional to the 1.84 power of the distance for thirty megacycles and
the 2.5 power of the distance for one hundred megacycles for the
region between one and ten miles from the transmitter.

Curves showing the variation from the average field strength of
the signal along three routes radiating fifteen miles from the trans-
mitter are given, and these variations are compared with the elevation
profiles of the respective routes. It is shown that the signal is usually
strongest on the brows of hills facing the transmitter.

Measurements were made in three representative residences, and
from these data, curves showing the power required at the transmitter
to furnish one hundred microvolts input to receivers with short indoor
antennas located in houses at various distances up to ten miles from
the transmitter were computed for the two frequencies.

Published in Proc. I.LR.E., May, 1936, and Televigion, Vol. I, 1936.

OBSERVATIONS ON SKY-WAVE TRANSMISSION ON
FREQUENCIES ABOVE 40 MEGACYCLES

By

D. R. GODDARD
R.C.A. Communications, Inc., Riverhead, I.. I,, New York

SUMMARY

The results of daily observations at Riverhead, L. I., N. Y., since
September, 1937, of European 40-to-45 megacycle transmitters are
reported. Measurements of field strength were made on English,
French, and German television signals. Multipath propagation of the
English video-frequency channel was observed optically and the dif-
ference in path length determined.

Published in Proc. I.R.E., January, 1939.
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NOTES ON THE RANDOM FADING OF 50-MEGA-
CYCLE SIGNALS OVER NON-OPTICAL PATHS

By

K. G. MACLEAN AND G. S. WICKIZER
R.C.A. Communications, Inc., Riverhead, L. I., N. Y.

SUMMARY

To obtain data on the variation of field strength beyond the horizon,
simultaneous recordings were made at three locations, one within the
optical path of the transmitter, one 700 feet below the line of sight, and
one 11,400 feet below the line of sight. All three locations were on the
same line from the transmitter. Recordings extended over a two-week
period, chosen at a time when atmospheric refraction was likely to be
favorable. Analysis of the recorded data indicates several things of
interest. The variation of field strength at each location was random
and showed no correlation with any other location; the range of field-
strength variation exceeded 49 decibels at the most remote location;
maximum fields generally occurred at night; and previous data on the
rate of attenuation beyond the horizon were confirmed.

Published in Proc. I.R.E., August, 1939.

APPLICATION OF ABELIAN FINITE GROUP
THEORY TO ELECTROMAGNETIC
REFRACTION

By

R. A. WHITEMAN
Instructor of Physics, R.C.A. Institutes, Inc., New York

SUMMARY

This paper presents the direct relationship between the group
theory and indices of refraction encountered in the solution of optical
problems. The properties and advantages of the group theory are
made available by using the double-subscript notation when desig-
nating the indices of refraction. The notation is developed from fun-
damental concepts of refraction at a plane surface and applied to two
specific refraction problems in the following order:

a. refraction in the Kennelly-Heavside layer (radio waves)
b. electronic refraction (electron optics)

The criterion to be used in determining the applicability of the method
developed in this paper to any refraction problem is reduced to a simple
equation.

Published in RCA Review, January, 1940.
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THE USE OF GAS-FILLED LAMPS AS
HIGH-DISSIPATION, HIGH-FREQUENCY RESISTORS,
ESPECIALLY FOR POWER MEASUREMENTS

By

ERNEST G. LINDER
RCA Manufacturing Company, Inc., Camden, N, J.

SUMMARY

A type of hydrogen-filled lamp suitable for use as a high-frequency
resistance is described, which possesses unusually great heat-dissipa-
tion ability. This dissipation may be several hundred times that obtain-
able with vacuum lamps, and the gain is greatest for filaments of the
smallest diameter. Other advantages are pointed out. The theory of
heat loss in a gaseous atmosphere is summarized. Details of experi-
mental lamps are given. Design data are presented in the form of a
chart which includes, watts dissipated, resistance, temperature, and
filament diameter.

Published in RCA Review, July, 1939.

MEASUREMENTS OF ADMITTANCES AT
ULTRA-HIGH FREQUENCIES

By

JOHN M. MILLER* AND BERNARD SALZBERG
Research and Engineering Department, RCA Manufacturing Company, Inc., Harrison, N. J.

SUMMARY

A substitution method is described for determining admittances at
ultra-high frequencies. Typical measurements of resistors and insul-
ators are given.

The method employs a short transmission line excited by an ultra-
high-frequency oscillator. The receiving end of the line is short-cir-
cuited and the sending end is shunted by a variable capacitor and the
unknown admittance. A vacuum-tube voltmeter indicates the resonant
voltage at a point on the line. The unknown admittance is removed,
resonance restored by the variable capacitor, and the same voltage
obtained by sliding a known resistor along the line. The unknown
admittance is then determined by the frequency, capacitance change,
and the position of the known resistor. With proper line constants, the
equivalent sending-end resistance of the resistor is equal to the product
of its resistance and the square of the ratio of the total line length to
the distance of the resistor from the receiving end.

* Formerly with RCA Manufacturing Company.
Published in RCA Review, April, 1939.
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ELECTRICAL MEASUREMENTS AT WAVE LENGTHS
LESS THAN TWO METERS

By

LEON S. NERGAARD
Research and Engineering Department, RCA Manufacturing Company. Inc.. Harrison, N. J.

SUMMARY

In this paper the measurement of power and voltage at ultra-short
waves is considered. A signal generator delivering adequate power
output with satisfactory stability over the wave-length range from
twenty to 200 centimeters is described. The requirements of thermo-
couples satisfactory for the measurement of power are considered and
a set of thermocouples covering the power range from 0.1 milliwatt to
fifty watts is described. A study of vacuum tube voltmeters has shown
that diode voltmeters have very small loading (of the order of 10°
ohms) on the circuits to which they are connected, whereas conven-
tional triode voltmeters using RCA-955’s have an input impedance of
about 10* ohms at a wave length of one meter. The errors of diode
voltmeters at ultra-short wave lengths have been studied and found

to be of two kinds:

1. An error due to partial series resonance between the lead induec-
tances and the interelectrode capacity.

2. An error due to a transit time effect. This has been called
“premature cutoff.”” These errors have been studied experimentally
and theoretically, the results being in qualitative agreement. In the
course of the experimental work very small diodes have been built,
the smallest diode having an anode diameter of only 0.0065 inch. Cali-
brations for these diode voltmeters have been obtained. The calibra-
tion of the diode having an anode diameter of nine mils at a wave
length of 100 centimeters differs from the sixty-cycle calibration by
less than one per cent due to premature cutoff and by about six per cent
due to resonance error. Voltmeters of this type have been supplied to
other workers and have been found to give very useful and consistent
results.

The RCA-955 acorn tube with grid and plate tied together has been
studied as a diode voltmeter. From this study it is concluded that the
RCA-955 is useful as a voltmeter down to the sixty-centimeter wave
length, but that small diodes are necessary for precise measurements
below 150 centimeters and for general measurements below sixty centi-
meters.

Published in Proc. I.R.E., September, 1936.
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RADIO-FREQUENCY GENERATOR FOR
TELEVISION RECEIVER TESTING

By

A. H. TURNER
RCA Manufacturing Company, Ine.. Camden, N, J.

SUMMARY

An automatic recording signal generator is described which has
proven extremely useful in the development of television receivers.
The more important specifications and characteristics of this signal
generator are as follows:

1. Consists of push-pull r-f oscillator and push-pull modulated
r-f amplifier.

2. Frequency range (motor-driven linear control) 40 to 100 mega-
cycles.

3. R-F output (motor-driven continuously variable control and
uniform logarithmic scale) 1 to 100,000 microvolts.

4. Modulation (from external source or 400 cycles internal) 30
to 3,000,000 cycles for both side-bands or may be altered for 30 to
5,000,000 cycles for single side-band.

5. R-F output impedance—50 ohms approximately.

6. Slow, normal, and fast curve-paper frequency scales selected by
gear shift.

7. Receiver output may be set and held constant at any level
between 0.5 volt and 25 volts by the automatic mechanism.

Published in RM A Engincer, May, 1939.

INPUT RESISTANCE OF VACUUM TUBES AS
ULTRA-HIGH-FREQUENCY AMPLIFIERS
By
W. R. FERRIS

Research and Engineering Department. RCA Manufacturing Company, Inc., Harrison, N. J.
SUMMARY

Vacuum tubes which when operated as voltage amplifiers at low
frequency require no measurable grid input power have been found
to take very serious amounts of power at ultra-high frequencies. The
grid input conductance is shown to be very accurately represented for
electrodes of any shape by the expression

9, = Ks,f'r*

where g, is the input conductance, s,, the grid-plate transconductance,
f the frequency, and r the electron transit time. K is a parameter
which is a function of the geometry of the tube and the voltage dis-
tribution. A physical picture of the effect, a simple theoretical deriva-
tion, and experimental proof with conventional tubes are given.
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The magnitude of g, is such that it is the principal limitation for
amplifiers at frequencies of the order of 100 megacycles, and it seri-
ously affects the amplification at frequencies as low as fifteen mega-
cycles. The input resistance of a typical commercial tube, the RCA-57,
is approximately 20,000 ohms at thirty megacycles. Other commercial
tubes, being of the same general construction and size, have input
resistances of the same order. The use of very small tubes, such as the
RCA-954, with correspondingly short transit times is shown to be a
practical means of increasing the amplification obtainable with con-
ventional circuits.

Input capacity variation with frequency is found to be negligible
with the RCA-57 even up to eighty megacycles and higher. However,
the grid-cathode capacity is a function of the applied voltage; the ratio
of this capacity under operating conditions to that with the tube cold
having a value of four thirds for its minimum. The change in input
capacity from cold to hot is of the order of one micromicrofarad for
the RCA-57. No change in grid-screen capacity is indicated.

The plate resistance of screen-grid tubes is found to vary with fre-
quency but with the RCA-57 at eighty megacycles it is over twenty
times the grid resistance and thus constitutes a negligible amount of
the total loss in the circuit.

Published in Proc. I.R.E., January, 1936.

ANALYSIS OF THE EFFECTS OF SPACE
CHARGE ON GRID IMPEDANCE

By
D. O. NORTH

Research and Fngincering Department, RCA Manufacturing Company, Inc., Harrison. N. J.
SUMMARY

Previous theory of transit-time phenomena in high vacuum diodes
is extended and augmented to provide an explanation of the high-
frequency behavior of high-u amplifiers with parallel plane electrodes.
For mathematical reasons the analysis is restricted to triodes with plate
at alternating-current ground and to tetrodes with screen grid at
alternating-current ground. Expressions for internal input loading
and capacity are derived, showing the dependence upon frequency,
voltages, and tube dimensions, and it is shown how the theory in its
present form can be made quantitatively applicable to many commer-
cial tubes of cylindrical design.

In agreement with both elementary theory and observation, the
theory shows that at the threshold of the effect the input loading varies
as the square of the frequency. For the RCA-57 there is calculated an
internal input resistance of 21 megohms at one megacycle, dropping to
2100 ohms at 100 megacycles. These figures are in excellent agreement
with actual measurement, and illustrate the tremendous importance
of transit times in the design of tubes for ultra-high frequencies. It
is likely that internal input power losses of this character, together
with closely allied losses in transconductance, are primarily responsible
for high-frequency failure of both amplifiers and oscillators.

“Hot” input capacity exceeds the “cold” value. The magnitude and
dependence upon tube parameters is given, the increase is primarily
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due to space charge but also depends upon 7,/7,, the ratio of the elec-
tron transit time between control grid and plate to the transit time
between cathode and control grid. In agreement with observation, the
theory indicates very slight frequency dependence.

There is included a brief account of temperature-limited diodes,
illustrating their possibilities as a source of high:frequency negative
resistance.

Published in Proc. I.R.E., January, 1936.

MULTI-TUBE OSCILLATORS FOR THE
ULTRA-HIGH FREQUENCIES

By
PauL D. ZorTu

Formerly with
Research and Engineering Department, RCA Manufacturing Company, Inc.. Harrison, N. J.

SUMMARY

An important limitation on the effective use of the ultra-high
frequencies is the fact that with present methods the output power
that can be developed is small. With the feedback type of oscillator,
output decreases approximately inversely as the square of the fre-
quency. Although the use of two tubes in push-pull permits doubling
the output of a single-tube oscillator, in the region of 300 Mc this
increase amounts to only a few watts with commercially-available
tubes. Paralleling of tubes is out of the question because this method
causes tube capacities to add and therefore requires reduction of
inductance to maintain the same frequency. At the frequencies con-
sidered, inductance is already at a premium and further reduction
necessitates making the oscillatory circuit inside the tube. Another
disadvantage of the direct-parallel system is that the generated fre-
quency changes with the addition or subtraction of a unit. It is evi-
dent, therefore, that a means of combining the output of two or more
independent oscillators in such a way that these disadvantages are
overcome would be highly desirable.

By proper utilization of two well-known effects in the operation
of oscillators, a method for combining several oscillators in the desired
manner becomes possible. Consider first a simple oscillator coupled
to a tuned circuit which will be termed the secondary circuit. If the
coupling is very loose, the secondary tuning will have negligible effect
on the oscillator frequency, except in a small region near the point
where the two circuits are in resonance, where a slight change in oscil-
lator frequency will occur. With closer coupling, a considerably greater
change in frequency results; as the coupling is still further increased,
a “jump” in frequency as the secondary is tuned through resonance
will occur. The behavior is modified somewhat by the presence of a
load on the secondary, although the general effect is the same. The
interesting point is that, depending upon the coupling and load, the
oscillator frequency is seriously affected by the tuning of the secondary
circuit.
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The power output to the secondary circuit depends upon the coupling
and tuning; with small values of coupling the output rises as the
secondary is tuned into resonance, decreases on tuning away. With
coupling values greater than the critical, two points of maximum
power output will appear, with a minimum point occurring at reso-
nance. The important thing is that maximum output of the oscillator
can be obtained with coupling values equal to or greater than critical.

Published in @ST, October, 1936.

RECENT DEVELOPMENTS IN MINIATURE TUBES

By

BERNARD SALZBERG AND D. G. BURNSIDE
Research and Engineering Department, RCA Manufacturing Company, Inc., Harrison, N, J.

SUMMARY

The development of two indirectly heated miniature tubes, a triode
and a sharp cut-off amplifier pentode especially suited for use at high
frequencies, is described. The electrical and mechanical factors in-
volved in the design and application of these tubes are discussed and
their novel structural appearances is described.

Because of their decreased lead impedances, interelectrode capaci-
tances, and transit times, these miniature tubes allow considerable
improvement to be made in high-frequency receiving equipment. It
is possible to operate the triode as an oscillator in a conventional cir-
cuit down to a wavelength of approximately 40 centimeters. The
pentode can be operated as a radio-frequency amplifier down to a wave-
length of approximately 70 centimeters. It is practicable to obtain
stable gains with it of from ten to fifteen at three meters, a wavelength
at which standard tubes are almost entirely ineffectual. Both tubes
can be used, down to much lower wavelengths, in exactly the same
manner and for the same applications that the corresponding conven-
tional tubes are used; i.e., as oscillators, amplifiers, detectors, con-
verters, and as negative-resistance devices.

The small size of the tubes and their novel structural design allow
compact and convenient receiving equipment to be built. Even at the
longer wavelengths, they are applicable to a large number of uses for
which their excellent characteristics, small size, and low weight make
them particularly useful.

Published in Proc. I.R.E., October, 1935.
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EFFECTS OF SPACE CHARGE IN THE GRID-ANODE
REGION OF VACUUM TUBES

By

BERNARD SALZBERG AND A. V. HAEFF
Research and Engineering Department, RCA Manufacturing Compauy, Inc., Harrison, N. J.

SUMMARY

The effects of space charge in the region between grid and anode
of a vacuum tube, for the case where the planes of the grid and plate
are parallel, are determined from the results of a simple analysis. The
main effects of the space charge are (a) to introduce departures from
the linear potential distribution of the electrostatic case; (b) to set
an upper limit, under certain conditions, for the anode current; (c¢) to
introduce instabilities and hysteresis phenomena in the behavior of
the tube; and (d) to increase the electron transit time in this region.

Four modes of potential distribution which may exist in this region
are treated: (1) Neither potential minimum nor virtual cathode exist;
(2) potential minimum exists; (3) space-charge-limited virtual cath-
ode exists; and (4) temperature-limited virtual cathode exists (nega-
tive anode potentials). For each of the various states of operation,
expressions are derived for the distribution of potential and electric
intensity throughout the region; the time of flight of electrons from
grid to anode, and from grid to the plane of zero potential; and the
location and magnitude of the minimum potential. An expression is
also derived for the dependence of the anode current on the space cur-
rent, grid-anode distance, grid voltage, and anode voltage. Curves
are plotted from these expressions, and it is shown how the behavior
of a large variety of practical tubes can be predicted and explained
with their aid. The assumptions which underlie the theory are stated,
and the effects of the neglected phenomena are discussed qualitatively.

Anode-current vs. anode-voltage and anode-current vs. space-current
curves representing observations made on a specially constructed
tetrode are presented by way of experimental verification of the theo-
retical results.

For purposes of illustration, application is made of these results to
elucidate the theory of the type of power-amplifier tube which employs
a minimum potential, formed in front of the anode as a result of the
space charge of the electrons, to minimize the passage of secondary
electrons from anode to grid. In addition, it is shown how the decrease
of anode current with increasing space current, which occurs when a
space-charge-limited virtual cathode is formed in the grid-anode region,
may be utilized to provide negative transconductance amplifiers and
oscillators.

Published in RCA Review, January, 1938.
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AN ELECTRON OSCILLATOR WITH
PLANE ELECTRODES

By
B. J. THOMPSON AND P. D. ZotTU*
Research and Engineering Department, RCA Manufacturing Company, Inc.. Harrison, N. J.
SUMMARY

This paper describes a new type of thermionic tube capable of
producing ultra-high frequencies by means of electron oscillations.
Tubes of this type are characterized by having parallel plane elec-
trodes, instead of cylindrical electrodes as in the conventional Bark-
hausen-Kurz tubes, and a fourth element called a backing plate.

The relations between wavelength and amplitude of oscillation and
the various electrode potentials are shown by measurements on a
typical tube. It is found that in these tubes the filament voltage is not
critical, space-charge-limited operation being satisfactory, and that
only one mode of oscillation is obtained. Both of these factors appear
to give these tubes an advantage in stability over cylindrical Bark-
hausen-Kurz tubes.

A tube of the flat type is described which has produced oscillations
at a wavelength of less than 10 em in the fundamental mode with a
positive grid potential of 150 volts.

* Formerly with RCA Manufacturing Company.
Published in Proc. I.R.E., December, 1934.

THE DEVELOPMENTAL PROBLEMS AND
OPERATING CHARACTERISTICS OF TWO NEW
ULTRA-HIGH-FREQUENCY TRIODES

By

WINFIELD G. WAGENER

Formerly with
Research and Eugineering Department, RCA Manufacturing Coinpany, Inc., Harrison. N. J.

SUMMARY

Large values of power are difficult to obtain in the ultra-high-
frequency region. At the limiting frequencies it is increasingly more
difficult to find vacuum tubes that will deliver such power and perform
efficiently. The principal factors that affect the design and perform-
ance of the tubes are those involving the electrical circuit, the size
requirements for the power desired, and the transit time of the elec-
trons within the evacuated space of the tube.

The design principles that result from a consideration of these
factors have been used in the development of two new ultra-high-fre-
quency triodes. A triode capable of delivering approximately 700 watts
at 100 megacycles is described. This tube, which is cooled by water
and air, is capable of operation as a neutralized power amplifier up to
200 megacycles with an output of approximately 500 watts. A second
triode is described which is a radiation-cooled glass tube with a 300-
watt plate-dissipation rating. Normal efficiency is obtained up to 40
megacycles and operation as a neutralized power amplifier is possible
up to 100 megacycles. The efficiency at 100 megacycles is approxi-
mately 60 per cent.

Published in Proc. I.R.E., April, 1938.
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A PUSH-PULL ULTRA-HIGH-FREQUENCY
BEAM TETRODE

By
A. K. WING

Research and Engineering Department, RCA Manufacturing Company. Inc.. Harrison, N. J.

SUMMARY

The design of a vacuum tube capable of delivering 10 watts useful
power output at frequencies of the order of 250 megacycles and with a
d-c plate voltage of 400 volts and good economy of space and cathode
power, is discussed. In order to keep the physical dimensions of the
tube small and to make it adaptable to straightforward circuit arrange-
ments, the tube was designed as a push-pull beam tetrode. Unusual
constructional features include the use of short, heavy leads sealed
directly into the moulded glass bulb.

Characteristics of the tube are given. Tests show that the tube will
operate as a stable Class C amplifier at frequencies up to 250 mega-
cycles. At that frequency a power output of the order of 13 watts with
an efficiency of 45 per cent has been obtained. Satisfactory operation
as a frequency multiplier is possible in the same frequency range.
Oscillator operation has been obtained at considerably higher frequen-
cies. The variation of output and efficiency with frequency is shown.

Published in RCA Review, July, 1939.

NEW TELEVISION-AMPLIFIER RECEIVING TUBES
By

A. P. KAUZMANN
Research and Engineering Department, RCA Manufacturing Company. Inc., llarrison. N, J.

SUMMARY

Television circuits require amplifying tubes of high grid-plate
transconductance and low input and output capacitances to realize a
voltage gain per stage sufficient to keep the amplifying stages at a
reasonable number. To this end the 1851 and 1852, sharp cut-off, 9000-
micromho grid-plate transconductance tubes—and the 1853, semi-
remote cut-off, 5000-micromho grid-plate transconductance tube were
developed. The improvements are the result of decreasing the control-
grid-to-cathode spacing, and at the same time decreasing the pitch
and diameter of the control-grid wires.

The maximum allowable resistance in the control-grid circuit is
determined from the grid-plate transconductance of the tube, the
cathode-bias resistor, and the screen voltage-dropping series resistor.
Also, the use of a small un-bypassed resistor in the cathode circuit
to neutralize the changes in input capacitance and input loading with
varying plate current is presented.

The 1851 and 1852 have the highest ratios of grid-plate trans-
conductance to plate current of any commercially available tubes with
the result that they have high signal-to-noise ratios. The high grid-
plate transconductances also result in high-conversion transconductance
when these tubes are used as mixed tubes; the 1851 and 1852 give a
maximum of 3500 micromhos, and the 1853 a maximum of 1500
micromhos. With practical circuits the 1851 and 1852 have produced
gains per stage of 3.5 to 7.0 at 50 megacycles, and of 20 to 45 at 11
megacycles. Similarly, the 1853 has produced gains per stage of 2 to
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4 at 50 megacycles, and of 6.5 to 13 at 11 megacycles. All of these
values are for a band-pass of 2.5 megacycles.

Published in RCA Review, January, 1939.

DESIGN AND USE OF “ACORN” TUBES
FOR ULTRA-HIGH FREQUENCIES

By

BERNARD SALZBERG
Research and Engineering Department, RCA Manufacturing Company. Inc., Harrison. N. J.

SUMMARY

Early work on the extension of the high-frequency limit of receiv-
ing equipment indicated that in conventional circuits employing stand-
ard tubes, the tubes became less and less effective as the frequency was
increased and that ultimately, at frequencies of the order of 200 mega-
cycles, tubes were practically useless. B. J. Thompson and G. M. Rose,
Jr., conclusively demonstrated that the limitations to the successful
operation of vacuum tubes at the higher frequencies may be overcome
by reducing the dimensions of the tubes. The small tubes, which they
built, being intended for a research study, were not suited for manu-
facture. However, the possibilities of these tubes aroused an interest
sufficiently wide-spread to warrant their further development for use
by experimenters. This article deals with the factors which were
involved in the design and application of the first of such tubes, a
Lilliputian triode.

Published in Electronics, September, 1934.

REVIEW OF ULTRA-HIGH-FREQUENCY
VACUUM-TUBE PROBLEMS

By

B. J. THOMPSON
Research and Engineering Department, RCA Manufacturing Company, Inc., tlarrison, N. J.

SUMMARY

The effects of electron transit time and of lead inductance and
interelectrode capacitance which become of importance at ultra-high
frequencies are reviewed. It is shown that, in radio-frequency ampli-
fier tubes for use in receivers, the most serious effect is the high ratio
of input conductance to transconductance, which is independent of the
transconductance and is proportional to the square of the frequency.
This ratio may be reduced by reducing the electron transit time, the
lead inductances, and the interelectrode capacitances. In power ampli-
fiers and oscillators for transmitters, the important effects are much
the same as in receiving tubes. The solution is complicated, however,
by the problem of obtaining sufficient power output in a small structure.

Published in RCA Review, October, 1938.
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CONSTRUCTION AND ALIGNMENT OF THE
TELEVISION RECEIVER

By

C. C. SHUMARD
Research and Engineering Department, RCA Manufacturing Company, Inc.. Harrison, N. J.

SUMMARY

The design of coupling circuits which will pass the extraordinarily
wide frequency band necessary for good picture reception is one of the
most critical features of a television receiver. In this article the con-
struction of these circuits is discussed in detail. The exact dimensions
given, as well as the carefully worked out alignment procedure, should
enable the constructor to get the receiver into operation with a mini-
mum of trouble. In conjunction with the deflection circuits for small
cathode-ray tubes described in October QST, it constitutes a complete
television receiving system.

Published in QST, January, 1939.

Part 11—Ultra-High Frequencies Above 300 Mc.

APPLICATION OF FREQUENCIES ABOVE 30,000
KILOCYCLES TO COMMUNICATION PROBLEMS

By

H. H. BEVERAGE,! H. O. PETERSON,* AND C. W. HANSELL?
1R.C.A. Communications, New York City: *Riverhead, L. 1., N. Y.; 3Racky Point, L. I., N. Y.

SUMMARY

The authors briefly describe the results of a number of experiments
with frequencies above 30,000 kc covering a period of several years.
Since the major interests of radio communication companies has been
in long-distance communications, this paper includes some qualitative
data covering propagation beyond the optical, or direct vision, range.
The authors have found that the altitude of the terminal equipment
location has a marked effect on the signal intensity, even beyond the
optical range.

Frequencies below about 43,000 kc appear to be reflected back to
earth at relatively great distances in the daytime in north-south direc-
tions, but east-west transmission over long distances is extremely
erratic.
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Frequencies above about 43,000 ke do not appear to return to earth
beyond the ground wave range, except at rare intervals, and then for
only a few seconds or a few minutes. These frequencies, which do
not return to earth, also appear to be free of echoes and multiple
path transmission effects. Therefore, they are free from distortion
due to selective fading and echoes. The range is also limited to the
ground wave range, so these frequencies may be duplicated at many
points without interference. As the frequency is raised, the range
tends to approach the optical distance as a limit. Experiments with
frequencies above 300,000 ke have, so far, indicated that the maximum
range is limited to the optical distance. A number of possible appli-
cations are suggested, based on the unique properties of these frequen-
cies. A specific application to telephony between the Islands of the
Hawaiian group is briefly described.

Published in Proc. I.R.E., August, 1931.

NOTES ON PROPAGATION AT A WAVELENGTH
OF SEVENTY-THREE CENTIMETERS

By

B. TREVOR AND R. W. GEORGE
R.C.A. Communications, Inc., Riverhead, L. I, N. Y.

SUMMARY

Quantitative field strength observations have been made on a
wavelength of 73 centimeters with improved apparatus. The methods
are described. Propagation data have been obtained with the receiver
installed in an automobile and an airplane. Further observations were
made on the ground at a distance of 113 miles, 8,000 feet below the
line of sight from the transmitter. The results show the nature of
the propagation of 73-centimeter waves over distances up to 175 miles.
Below the transmitter’s horizon, rapid attenuation occurs with increase
in distance from the transmitter, the plane of polarization of the trans-

mitted signal remains unchanged, and various types of fading are
observed.

Published in Proc, I.R.E., May, 1935.
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L4

DESCRIPTION AND CHARACTERISTICS OF THE
END-PLATE MAGNETRON

BY

ERNEST G. LINDER
RCA Manufacturing Company, Inc.,, Camden, N. J.

SUMMARY

A new type of magnetron is described which is especially adapted
to the generation of centimeter waves. It possesses several advantages
over the simple magnetron, namely: (1) greater stability with respect
to fluctuations of supply voltages, (2) less tendency to oscillate at
undesired long wavelengths, (3) greater efficiency, (4) greater out-
put, and (5) greater ease of adjustment. Static and dynamic charac-
teristics are discussed. The effect of space charge on electron motion
and tube performance is treated mathematically, and supporting
experimental data are presented. Evidence is given that for best
operation an optimum space-charge condition is required, which can
conveniently be established and maintained by the use of end plates.
Power output is limited by a type of instability involving electron
bombardment of the filament, and apparently initiated by excessive
space charge.

Published in Proc. I.R.E., April, 1936.

THE MAGNETRON AS A HIGH-FREQUENCY
GENERATOR

BY

G. Ross KILGORE
Research and Engineering Department, RCA Manufacturing Company, Inc., Harrison. N. J.

SUMMARY

The search for methods of generating ultra-high frequencies has
followed two main paths. One has been the improvement of the nega-
tive grid tube as an oscillator and amplifier so as to extend its upper
frequency limit. The other has been the investigation of less con-
ventional vacuum tubes that appear to be applicable at high frequen-
cies. Of the latter group the magnetron now stands out as one of the
most promising tubes.

The device first called a ‘“magnetron” by Hull in 1921 is well
known as a vacuum tube having a cylindrical plate structure and
coaxial filament, with a uniform magnetic field directed along the
electrode axis. Its use as a generator of high frequency currents has
developed mainly in the past decade and its investigation has claimed
the attention of a large number of research workers in many countries.

Magnetrons in a variety of structural forms and in a number of
operating modes have been used for oscillation generation. Broadly
speaking, magnetron oscillators can be divided into two classes; one
using an alternating magnetic field, and the other using a constant
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magnetic field. The alternating-field type described by Elder, in which
the field coil is part of the oscillating circuit, is obviously limited to
low frequencies and need not be considered in the present discussion.
The constant field types which are useful in generating ultra-high
frequencies can be subdivided as negative resistance oscillators and
transit time oscillators.

The negative resistance magnetron oscillator may be defined as one
which operates by reason of a static negative resistance between its
electrodes and in which the frequency is equal to the natural period
of the circuit. In Europe this type is sometimes called ‘“dynatron
magnetron” or Habann oscillator.

The transit time magnetron oscillator may be defined as one which
operates by reason of electron transit time phenomena and in which
the frequency is determined by the electron transit time. This type
is often referred to as an “electronic oscillator” and sometimes as a
“magnetostatic oscillator.”

It is the purpose of the present paper to survey the various types
of magnetron generators with particular reference to their perform-
ance and limitations at ultra-high frequencies.

—_——

Published in Jour. of Applied Physics, October, 1937.

MICRO-WAVES IN NBC REMOTE PICK-UPS
By

ROBERT M. MORRIS
Development Engineer, National Broadcasting Company, New York

SUMMARY

The National Broadcasting Company in its efforts to best serve the
public interest has constantly endeavored to take its microphones to
more and more remote points. To do this has required the use of radio
to an increasing extent. In many cases wire lines have not been avail-
able in time to do the job. In other instances the very nature of the
pick-up point (ship, airplane, balloon, etc.) has necessitated the use
of radio circuits. Radio apparatus for these special events or spot
news broadcasts has in general fallen into two classifications; first,
portable units of from 10 to 100 watts and second, self-contained pack-
sets of less than 1 watt, and light enough to be carried by one person.
The extreme mobility of this latter type of equipment has made it of
special interest for unusual or difficult broadcasts.

Published in RCA Review, July, 1936.
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RCA INSTITUTES TECHNICAL PRESS
PUBLICATIONS

RCA REVIEW—A quarterly journal of engineering
and service developments in the radio field by RCA
Engineers.

FELEVISION, VoL. I—Out of print.

TELEVISION, VoL. 11—435 pp. of engineering and
technical articles on Television developments.

RADIO FACSIMILE, VoL. I—368 pp. of the history,
modern technique, equipment, and broadcasting of
Radio Facsimile.

RADIO AT ULTRA-HIGH FREQUENCIES—A vol-
ume covering transmission, propagation, relaying,
measurement, and reception above 30 Mc.

SIMPLIFIED FILTER DESIGN, by J. E. SMITH—A
graphical method of accurate filter design, which
avoids involved mathematical computations.

CHART FOR TRANSMISSION-LINE MEASURE-
MENTS AND COMPUTATIONS, by P. S. CARTER
—A graphical method of determining the r-f trans-
mission line load impedance and reflection.

For details of free book offer to
RCA Review subscribers write

RCA INSTITUTES TECHNICAL PRESS

A Department of RCA Institutes, Inc.
756 Varick STREET, NEW YORK, N. Y.
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