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DEMONSTRATING BROADCAST FACSIMILE AT THE
NEW YORK WORLD’S FAIR

By

A. J. BARACKET

Field Engineer. Service Division, RCA Manufacturing Company, Ine.. Camden, N. J,

recent years, many other developments in the communications

art have been relegated to a somewhat obscure background,
insofar as the general public is concerned. Two of the very important
“other developments” are photoradio and facsimile reproduction.

These two techniques of transmitting and reproducing photographs
and other printed matter are very similar in many respects, differing
mainly in the form of the reproduced material. In photoradio the final
product is usually a photographic film, while in broadcast facsimile
reproduction it consists of printed paper.

A great many communications engineers have become aware of the
rapid strides in this field, by means of the works of Ranger, Artzt,
Young, and others. However, the public at large has had comparatively
little information concerning this art. A striking illustration of this is
the amazement and interest exhibited by the visitors who thronged the
broadcast facsimile exhibit in the RCA Building at the New York
World’s Fair.

A complete broadcast facsimile system includes the following:

BECAUSE of the tremendous publicity accorded television in

1. A scanner which converts the density variations in newsprint
into corresponding variations in an electrical signal. In current
practice, the output consists of an audio-frequency signal.

2. A broadcast transmitter modulated by the output of the scanner,
and

3. A receiver which produces print from the facsimile signals in a
manner analogous to the reproduction of sound in an ordinary
radio receiver.

For the RCA facsimile demonstration system at the New York
World’s Fair it was deemed unnecessary to use a transmitter since wire
lines were available for connecting the scanning equipment directly to
the various receivers.

By means of eight receivers located in the RCA and the Missouri
State Buildings, a continuous facsimile program was made available
to Fair visitors. This program took the form of a radio newspaper,

3
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4 RCA REVIEW

the RCA Radio Press, published with the cooperation of the Neawr
York Herald-Tribune. The Radio Press came out in three editions
daily. The morning “World’s Fair Edition” included a program of
Fair events for the dayv and news of the various exhibits. The
source for this information was the Fair Publicity Bureau. An after-
noon and a night edition acquainted visitors with important national
and international news, and often scored “scoops’ over the New York

Fig. 1—Facsimile receiver for the home repro-
ducing afternoon edition of The Radio Press.

daily papers. Figure 1 shows a facsimile receiver reproducing an
afternoon edition of the Radio Press. One hour each day was devoted
to the radio edition of the St. Lowis Post-Dispatch run in conjunction
with the Post-Dispateh exhibit in the Missouri State Building.

What is the sequence of events leading to the production of a
facsimile newspaper? Let us take a brief trip through the facsimile
exhibit. In the editorial office of the Radio Press, a constantly operat-
ing teletype machine records the latest front-page news, at the same
time it is received at other newspaper oflices throughout the country.

www americanradiohistorv com
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A member of the New York Hereld-Tyibune editorial staff chooses the
news matter with the greatest reader interest and after editing and
condensing it passes it on to an operator of the Coxhead Vari-typer.

This ingenious machine performs functions similar to those of a
linotype unit in a newspaper plant. including that of automatically
spacing the type to fit a line of print. The material is now in a form
ready for assembly on a special 12-in. by 8.5-in. form. This form
becomes the master-copy which the facsimile system will reproduce
on the display receivers. The master-copy is comparable to ordinary
typewriter copy produced with ten-point type.

Fig. 2—New York Herald Tribune editor at work
on an edition.

The facsimile scanner is shown in Figure 3. Scanning is accom-
plished by placing the master-copy on the cylindrical drum which is
revolved before a light spot. The reflected light actuates a phototube
and a signal is produced whose amplitude varies directly with the
amount of light reflected from the copy. The scanner is a complete
self-contained unit including the actual scanning apparatus; a timer;
and three standard panel units—the compensating amplifier, the power-
supply panel, and the voltage regulator. The output of the compensating
amplifier consists of the carrier tone modulated by impulses from the
scanning machine. In a complete system, this is the signal which
modulates the radio-frequency carrier.

In the demonstration system, the output of the compensating ampli-
fier entered two transmission lines. One line supplied signals to the

www americanradiohistorv com
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various receivers on display in the RCA Exhibit Building. These
included four home receivers and a special receiver for the horizontal
Post-Dispatch copy, on display in the main facsimile exhibit; a single
receiver on the second floor; and a special home receiver designed for
the “living room of tomorrow.” The other line terminated in a St.
Louis Post-Dispateh exhibit recciver at the Missouri Building, nearly

Fig. 3—Facsimile scanner.

a mile away. The main facsimile exhibit in the RCA Building is
illustrated by Figure 4.

The facsimile exhibit was extremely successful in serving three

distinct purposes:

1. It was instrumental in introducing many visitors to their first
view of home facsimile reproduction, and in acquainting people
with the practicability of a broadcast system.

2. 1t supplied visitors with eagerly-awaited news on the history-
making events as they occurred daily.
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BROADCAST FACSIMILE 7

3. It served as a source of additional field data on the actual opera-
tion of the equipment in continuous service. The various units
were on duty thirteen hours a day, seven days a week from
April 30, 1939 to October 31, 1939, the close of the Fair’s first
yvear. Astonishingly little maintenance was required, and addi-
tional proof was obtained of its flexibility and simplicity of
operation.

F:":.': ; T
q;_ff';EM_l_._iLE MEWSPAPER OF THE

Fig. 4—A section of the facsimile exhibit showing scanner,
“horizontal” receiver, and home receiver in operation.

Public reaction was on the whole very favorable. A great many
people had never heard of this development. Among the popular ques-
tions asked were: “What is the range of reception?” *“Will facsimile
supplant our present daily newspapers?” and “How much will a home
receiver cost?”

www americanradiohistorv com


www.americanradiohistory.com

A DETERMINATION OF OPTIMUM NUMBER OF
LINES IN A TELEVISION SYSTEM

By

R. D. KELL, A. V. BEDFORD AND G. L. FREDENDALL

RCA Manufacturing Company, Inc., Camden, N, J.

Summary.—In « television system horizontal resolution and vertical
resolution are equally costly in video-band width. That is, on the basis of
« fized-band width, the vertical resolution increuses with the munber of
scanning lines and the horizontal resolution decreases a corresponding
wmonnt—and vice versa. Also if a given increment of resolution is avail-
able for increasing the quality of « picture which originally has equal
vertical and horizontal resolution, the quality will be mproved more by
applying the increment equally to the wvertical and horizontal wresolution
than by applying it to improve resolution in only one direction. This
conclusion follows from the known cquality of the acuity of the hwman
eye in various directions aund the random orvientation of the subject matter
transmitted. Hence, the optimum utilization of the transmission band
requires that the number of lines be near that number which provides equal
horizontal and vertical resolution.

In applying this criterion, the horizontal and wvertical resolution is
calculated in terms of the amount of bliy with which the most elenmentary
hypothetical test subject is reproduced on the receiving screen. The test
subject is « single abrupt transition in brightness along the surface of the
subject. The tramsition is placed nearly at right angles to the scanning
lines for the analysis of vertical resolution and parallel to the lines for
the analysis of horizontal resolution.

The immediate reduction of the visibility of the line strueture justifies
revising the number of lines slightly upward from the number determined
by the criterion of “equal vertical and horizontal resolution” for the
receivers of present practicable fidelity. As the fidelity of receivers is
inereased a corresponding tmprovenment in shape of the scanning spot will
reduce this particular need for more lines. Hence, it is possible to choose
@ number of lines which will provide wnearly optinuon picture quality for
both present reccivers and future improved receivers. This womber of lines
is between 441 and 507 (at 30 frames per second) based upon the reception
of a maximum video-frequency signal of 4.5 Me, which is available 1with
the westigial side-band method of transmission within the 6-Mc channel
allocated for cach television transmission (including sound).

(1) PREVIOUS ANALYSIS

(VEN in the early days of television experimentation it was tacitly
assumed that the transmission band for the video signal should
be wide enough to provide horizontal resolution equal to ver-

tical resolution. (The expression “resolution” as used in this paper,

refers to that useful characteristic of a picture which makes the picture

8
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sharp and clear as contrasted to blurred, “fuzzy” or smeared. It has
usually been measured in terms of the distance between adjacent points
or bars which can just be “resolved” or distinguished in the picture;
but “resolution” as we apply the term is equally as important in pic-
tures having no fine lines or “points,” but having relatively large black,
white or gray areas with sharp junctions between these areas.) The
transmission band intended to meet this condition was calculated by
the simple formula

f=Ntrase (1)

where N = number of scanning lines
f = maximum video frequency in c¢.p.s.
a = picture-aspect ratio (= 4/3)
r = frame-repetition rate.

This formula neglects the return time of the scanning spot between
lines and between frames, but corrective factors may be applied readily.
It may be seen by inspection that (1) gives the highest frequency re-
quired to transmit a checker board pattern in which the width of each
square is equal to the line pitch when it is necessary only that each
square be reproduced as a dot without retaining the square shape. It
was assumed in Eq. (1) that the vertical location of the checker board
pattern was always such that the scanning lines coincided with the
rows of squares.

In 1934, Kell, Bedford, and Trainer' recognized that useful tele-
vision subject matter would have details that generally did not coin-
cide with the scanning lines and that, therefore, the vertical resolution
would depend upon the relative positions of the scanning lines with
respect to the picture detail. They made observations using a complete
television system to transmit a test pattern. The pattern consisted of
a tapered wedge of near-horizontal alternate black and white bars
which converged and thus occupied all positions with respect to the
scanning lines®. The average of readings made by several observers
indicated that 100 scanning lines were required to make 64 black and
white bars distinguishable. Then, upon the assumption that in the
finest checker board pattern resolvable the width of a square must be
1/0.64 times the line pitch, the frequency-band requirement was multi-
plied by a factor K = 0.64. This constant K has been widely accepted

1 “An Experimental Television System,” R. D). Kell, A. V. Bedford and
M. A. Trainer, Proc. I.R.E., Vol. 22, p. 1247, No. 11, November 1934.

®Such a test pattern and its application are given in “A Figure of
Merit for Television Performance,” A, V. Bedford, R.C.A. Review, July 1938.
When vertical and horizontal resolution are considered separately this test
pattern may be considered equivalent to a continuous series of checker
board patterns of different coarseness.
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by television workers although there is not universal agreement as to
its numerical value.

The determination of the band width by this method is open to
criticism due to several inaccurate and incomplete hypotheses. First,
the influence of the size, shape, and light distribution of the scanning
aperture in both transmitter and receiver, all of which are known to
affect resolution, has been omitted in the derivation of the formula.
Some justification for this omission is the assumption that any reason-
able variations in the spot would affect vertical and horizontal resolu-
tion equally unless the aperture attenuation is compensated. Compen-
sation for aperture attenuation improves only the horizontal resolution
and, hence, alters the relations for equal vertical and horizontal reso-
lution.

Second, the most unsound assumption is that the transmission of a
series of regularly spaced squares or bars is a measure of useful reso-
lution. Actually, the subject matter usually transmitted will be repre-
sented by changes of light intensity along a scanning line that repeat
at such intervals as to be substantially non-repeating so far as high-
frequency behavior is concerned. After an abrupt change from black
toward white, the ncxt change is as likely to be toward white again
instead of black which would be required to complete a single cycle.
It is still less likely that the subject will contain repeating simple cycles
which are identical.

Fidelity in transmission of the checker-board pattern is not a com-
plete criterion of the capability of the system to transmit properly the
most elementary “building block” with which picture detail is con-
structed, namely: an isolated abrupt change from black to white. This
is evident from the fact that a good phase characteristic is not neces-
sary for the transmission of a checker-board pattern. On the other
hand, both theory and experiment show that reasonable linearity of
phase is required for the proper transmission of isolated abrupt
changes from black to white, or from white to black. Even if complete
phase correction is assumed, there is still no assurance that the suc-
cessful transmission of repeating dots in either a vertical or horizontal
direction is an infallible indication of the ability of the system to
transmit useful detail.

Wheeler and Loughren? have used the average reproduced width of
a very narrow igolated white line as a criterion of useful resolution
and have reached theoretical conclusions regarding the required band
width. Here again, the criticism offered is that the unit for analysis is
too specialized and is not the most elementary ‘“building block” of

34The Fine Structure of Television Images,” H. A. Wheeler and
A. V., Loughren, Proc. I.R.E., Vol. 26, No. 5, May 1938.
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which picture detail is constructed. The narrow line is a more basic
unit than the repeating squares of the checker board, but a line repre-
sents two abrupt changes, black to white and then white to black.

(2) REPRODUCTION OF AN ABRUPT CHANGE IN BRIGHTNESS AS A
MEASURE OF RESOLUTION

Almost all investigators! have used ‘“‘equal vertical and horizontal
resolution” as a criterion for adjusting the number of scanning lines
to the band width. We also propose to use the criterion of equal vertical
and horizontal resolution, but we prefer a different measure of reso-
lution.

In the present theoretical investigation the most elementary build-
ing unit of which picture detail may be constructed has been adopted
as a test unit. The fidelity of reproduction of the unit in the received
picture is a measure of the resolution of the picture. This unit is an
“abrupt change or discontinuity in intensity of illumination” along the
surface of the subject to be transmitted. An analogous unit used in
electric-circuit theory is the “Heaviside Unit Function.” It may be
represented as a sharp transition from black to white, from white to
black, or from any intermediate shade to any other shade. For con-
venience in the analysis the transition is considered to occur from black
to white. This causes no loss of generality because resolution is indaz-
pendent of polarity and amplitude®. In the reproduced picture at the
receiver the change from black to white is not abrupt, but gradual.
The distance along the picture screen required for the change from
black to white to be effectively completed is a measure of the “blur”
in the picture. The reciprocal of this distance is then a measure of
useful vertical or horizontal resolution depending upon the angular
position of the test transition. As will be seen the curves showing the
surface illumination along the transition may have various irregular
shapes depending upon the position of the transition from black to
white with respect to the scanning lines, the spot size and shape, and
the amplifier amplitude and phase characteristics. (The direction of
the transition is considered to be at right angles to the junction or
border dividing the black and white areas.) A comparison of these
shapes is necessary in order to arrive at a significant relative evalua-
tion of vertical and horizontal resolution.

1 “Channel Width and Resolving Power in Television Systems,” J. C.
Wilson, Jour. Television Soe. Vol. 2, No. 2, Part II, pp. 397-420, June 1938.
An extensive bibliography is included.

% An exception occurs in the vestigial side-band systems of transmission
where a slightly different shape of transient response wave occurs if the
modulation is excessive. Some account of this condition will be taken later.

www americanradiohistorv com


www.americanradiohistory.com

12 RCA REVIEW

In useful television picture subjects the transitions to be trans-
mitted will have many different shapes and degrees of abruptness. It
is proper however to use the unit-function type of transition as a test
unit for evaluating the response to all these transitions because any
transition from black to white may be represented by a series of such
Heaviside unit functions. If the system will respond properly to a unit
function it will also respond faithfully to any wave shape. (Amplitude
linearity of response is assumed.)

(3) VERTICAL RESOLUTION

The determination of vertical resolution is based upon a test-picture
subject in which the upper portion is black and the lower portion is

TOP OF DIRECTION OF
PICTURE SCANNING -
(|1 P c d a’
: ]
' |
T
i | S ’ 27N

\}’Lm_émz__—_

] | |
LINE Ne3 | I

\ | |
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| I L 9

T t T T

Fig. 1—A section of a scanning pattern showing the position of a black-

to-white junction nearly parallel to the scanning lines. Representative
transitions occur along «, b, ¢ and d.

white with an infinitely abrupt transition between. The light intensity
across the transition in the received picture will be a function of spot
size in the transmitter, spot size and distribution in the receiver, dis-
tance between centers of adjacent scanning lines (that is, line pitch),
and the position of the abrupt junction with respect to the scanning
lines. Vertical resolution does not involve changes in intensity along
the scanning lines and is, therefore, independent of the high-frequency
response of the transmission system.

The distribution of intensity over the luminous spot of a simple
cathode-ray tube has approximate circular symmetry, but is not of
uniform intensity along its diameter. The intensity is greatest at the
center of the spot and decreases toward the edge in consequence of
aberrations in the focusing fields of the electron stream and the random
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initial velocities of electrons emitted from the cathode. The light dis-
tribution of the spot is such that the light intensity distribution across
a single scanning line may be approximated by the cosine-squared func-
tion as shown in Figure 1. (This does not mean that the intensity
along a diameter regarded as a function of the distance along the
diameter is a cosine-squared.) The ordinates y of the curve g indicate
the light intensity of the scanning line at various points across the line.
The overlap of adjacent scanning lines has been assumed to be 50 per
cent of the scanning-line pitch as shown. (The line pitch is the distance
from center to center of the lines.)

The size of the scanning spot in the best cathode-ray receiving
tubes available at the present time varies considerably with modulation
of light output from minimum to maximum useful values. Also the
intensity distribution within the spot changes with modulation. A con-
stant spot is assumed for the present analysis, but the results may be
properly applied to a system including a variable spot by considering
the assumed constant spot to be the effective mean spot of the syvstem.
In the cathode-ray pick-up devices the scanning spot is not modulated
and, hence, the assumption of a constant spot at the transmitter is
entirely correct.

The black-to-white junction in the test subject is indicated by the
line OM in Figure 1. OM is drawn nearly, but not quite parallel to
the scanning lines in order that the junction will fall at every possible
position with respect to the scanning lines. The various transitions
from black to white, for example along the broken lines a, b, ¢, and d,
are substantially vertical and, hence, are essentially measures of vertical
resolution. If the junction line OM had been drawn exactly parallel
to the scanning lines, the resulting transition would be very critical to
vertical position with respect to the scanning lines and the test would
lose its significance unless a variety of vertical positions and a mean
of the several transitions were used. An easier method is to use the
nearly parallel test junction. This not only is permissible, but is desir-
able because the exactly parallel test junction would represent a very
special case of the subject matter.

Curve ¢ in Figure 2 shows the calculated light intensity at the
receiving screen that corresponds to the variation along the line ¢ of
Figure 1. Identical cosine-squared spots are assumed in the pickup
device and the receiver. In Figure 2 the abscissa is the vertical dis-
tance along the receiving screen. The unit of distance is the scanning-
line piteh. The dotted curves ¢y, ¢,, and ¢, show the contribution of the
individual scanning lines to form the sum curve ¢. (Incidentally, curve
¢ shows that the cosine-squared spot with 50 per cent overlap does not
produce a flat field—one in which the scanning lines are indistinguish-
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able—bezacause the light intensity at the center of a line is twice as great
as at the mid-points.)

Similarly, curves a, b, and d of Figure 2 show the light intensities
in the transitions along the lines a, b, and d, respectively, of Figure 1.
The relative position of the junction in the test subject is marked J.

Since the curves a, b, ¢, and d have different rates of rise it is evident
that the resolution of a vertical transition depends upon the position
of the test subject with respect to the scanning lines at the transmitter.
It is natural to seek a single value of effective vertical resolution that
will agree with an observer’s impression of the vertical resolution of
which a given television system is capable. Such a quest has promise
of success in advance because common television experience shows that
the observer does not separately scrutinize every vertical transition
in a complex television picture. However, he does form an impression
of the sharpness of an outline of a black, gray, or white area in a subject
that depends upon the mean distribution of intensity along the outline.

It is reasonable to assume that the eve will tend to obtain an impres-
sion of the net sharpness of the junction OM that corresponds to a
mean transition curve or arithmetic-average of all the transition curves
which may occur across the junction., The basic assumption is that in
effect the eye integrates the light intensities in elemental areas parallel
to the junction OM. In addition the use of the “arithmetic-average”
mean transition curve for this purpose is supported by the fact that
in most real television subjects there is at least the minute amount of
motion required to cause the scanning lines to intersect the junction
at continually changing points. Thereby the well-known ability of the
eye to integrate light values with respect to time effectively contributes
to the effect which was at first assigned to the optical integration of
elemental areas along a stationary junction.

All conditions at @’ and a (Figure 1) are identical and the transi-
tions between a and a’ change smoothly and gradually. Then since b,
¢, and d are equally spaced between a and «' the average of curves a, b,
¢, and d of Figure 2 is reasonably near the average of all the transitions
across the junction OM. The curve v (Figure 2) is a plot of the aver-
age values of the ordinates of curves a, b, ¢, and d and will be used as
the mean vertical transition curve in the following study.

(4) HORIZONTAL RESOLUTION

The next step is the determination of a horizontal transition curve
for comparison with the mean vertical transition curve » in order to
arrive finally at an economic choice of the number of scanning lines
for the band width available for picture transmission.

The test subject used above must be rotated substantially 90 degrees
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so that the junction between the black and the white areas is at right
angles to the scanning lines, and the transition from black to white is
along the scanning lines. The sharpness of the transition at the receiver
may now be limited by both the signal transmission band and by the
well-known aperture attenuation occasioned by the use of finite
scanning apertures.

According to well-established theory the variation of the light
intensity along a scanning line due to use of a finite symmetrical scan-
ning aperture may be derived by replacing the effect of the aperture
by an imaginary one of infinitesimal length and passing the signal
through a hypothetical electrical network that attenuates all of the

i ., 50% OVERLAP
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Fig. 3-—Equivalent frequency response of a circular-scanning aperture

having a cosine-squared transverse-light intensity.

frequencies in the picture signal by various prescribed amounts such
as shown in Figure 3. This figure shows the calculated frequency
characteristic of the cosine-squared aperture. The aperture introduces
no phase distortion up to the frequency of zero response. The ‘'f”
abscissa scale applies only for a 441-line picture, a 50 per cent over-
lapped spot and a repetition rate of 30 frames per second. The “fT"
scale may be applied to any system using a cosine-squared spot by
inserting the proper value of T as defined in the figure. The frequency
characteristic of the transmitting and receiving apertures may be com-
pensated by correcting networks located in the transmission system,
nearly up to the frequency at which the aperture response becomes
zero. It will be seen after a determination of number of scanning lines
has been made, that the required compensation for the aperture losses
is reasonable to obtain for the video band available.

Present television-channel allocation requires that the picture trans-
mitter and the accompanying sound transmitter operate within a 6-Me
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band. Considerable experimental and theoretical work has determined
that by the use of vestigial-side-band picture transmission the picture
carrier may be located so that a maximum of 4.5 Mec video-band width
may be received. The extent to which this 4.5-Mec video band is utilized
for controlling the light intensity of the scanning spot in the receiver
is determined by the receiver design. Probably most commercial re-
ceivers will fall materially short of ideal utilization due to the high
cost of providing an overall frequency characteristic flat in amplitude
and phase and having an abrupt cut-off. It is likely that cheaper re-
ceivers will have overall frequency characteristics which begin to fall
at a relatively low frequency and very gradually approach zero response
at 4.5 Mc. (The “over-all” characteristic is the equivalent v-f charac-
teristic of the system which includes the transmitter and the effects of
the r-f, i-f, and v-f characteristics of the receiver.) It is necessary to
investigate the horizontal resolution provided by representative types
of receivers characterized by certain overall frequency characteristics.

Figure 4 shows the calculated® transient response to a unit-function
input wave for five different idealized frequency characteristics. (The
input wave shown at the top of the figure is essentially the signal pro-
duced by scanning across the junction of our test subject when located
in a vertical position.)

Each idealized frequency characteristic has uniform sine-wave
response up to a frequency f. beyond which the amplitude drops along
a curve having a sine-wave shape to zero at f, as shown in the insert
of Figure 4. Each curve is identified by a different scale of m, the
ratio f./f,. The idealized characteristics have linear phase shift as
evidenced by the symmetry of the transient response curves about the
point of 50 per cent transient response. The origin of the abscissa
scales was arbitrarily placed at the time of 50 per cent response. The
generalized scale, f, ¢, is applicable to systems having any value of fo,
expressed in megacycles when ¢ is in microseconds. A specific time
scale corresponding to f, = 4.5 Mc is included, as our present interest
is limited to systems having this maximum video frequency.

(5) COMPARISON OF VERTICAL AND HORIZONTAL RESOLUTION

It is well established theoretically that vertical resolution and hori-
zontal resolution are equally costly in video-band width. In other words,
the vertical resolution can be increased a reasonable amount by increas-
ing the number of lines, but in consequence the horizontal resolution

b Several practicable methods for calculating this response are given
by A. V. Bedford and G. L. Fredendall, in “Transient Response of Video-
Frequency Amplifiers” Proc. I.R.E., Vol. 27, No. 4, pp. 277-284, April 1939.
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must decrease a proportional amount if the band width and frame-
repetition rate are fixed’.

Therefore, the conditions for optimum use of the facilities available
for a television service must include among other factors the choice
of a number of scanning lines which will provide a favorable ratio of
the vertical to the horizontal resolution. Without attempting at the
moment to specify the ratio, we shall proceed to compare the vertical
and horizontal resolution obtainable for different numbers of scanning
lines.

Figure 5 shows the mean vertical transition curve v taken from
Figure 2 and several horizontal transition curves h,, h., and h;, taken
from Figure 4, replotted for a 343-line (30-frame-per-second) picture.
The curves were made properly superimposable for comparison by
using the abscissa scale which is common to both the vertical and hori-
zontal transitions, namely, the distance along the picture screen®. The
data for curves h,, k., and h,; in Figure 5 corresponding to receivers
of different fidelity, were calculated from the transient response curves
of Figure 4 where f, = 4.5 Mc and » = 1.0, 0.67, and zero, respectively,
the per cent response being considered directly equivalent to per cent
light intensity produced by the kinescope since we have assumed thz
use of adequate compensation for the aperture losses’. The abscissas
of curves hy, I, and h,; for Figure 5 were determined by letting a unit
of time in Figure 4 become the distance traveled by the beam along the
screen in the same unit of time. From a comparison of the rates of
rise of curves /; and v of Figure 5 it is evident that for a 343-line
picture the horizontal resolution theoretically obtainable is much better
than the vertical resolution. In fact, even the relatively poor frequency
characteristic m = 0 as represented by /,, would provide only about
10 per cent less horizontal than vertical resolution.

" The two types of resolution also are related in apparatus cost since
the cost of the amplifiers is a function of the o-f band width which is
received and also because any steps taken to reduce the size of the scan-
ning spot, such as operating at a higher anode voltage which increases the
receiver cost, are apt to improve both vertical and horizontal resolution in
the same order.

® The data for curve v of Figure 5 was obtained from curve v of Figure
2 by multiplying the abscissa by a factor 0.324, (because one line pitch of a
343-line picture is 100/309 per cent of the picture height) and then shifting
the origin of the abscissa scale. Suitable allowance is made for loss of 10
per cent of the vertical lines due to vertical blanking and for 15 per cent
loss of length of cach scanning line in calculating these curves and those
curves which follow involving horizontal transitions and horizontal resolu-
tion. An aspect ratio of 4/3 was used in all cases.

“ The negative values of light intensity shown cannot exist as it means
only that the kinescope is driven beyvond cut-off. For transitions from gray
to white the negative portions would be interpreted to mean another shade
of gray.
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In a similar manner Figures 6, 7, and & have been prepared to com-
pare the transitions obtained in pictures having 441, 507, and 605 scan-
ning lines, respectively. By inspection of these curves it can be seen
readily that the frequency characteristics m = 0.67 provides about equal
vertical and horizontal resolution for a 441-line picture and that the
best frequency characteristic, m = 1, provides about equal vertical and
horizontal resolution for a 507-line picture. Figure 8 shows that in a
605-line picture the vertical resolution is much better than the hori-
zontal resolution provided by the best frequency characteristic, m = 1.

Before drawing conclusions as to the specific number of scanning
lines for the greatest utilization of the available transmission bands, it
is desirable to summarize the major observations drawn from inspec-
tion of Figures 5, 6, 7, and 8 in another set of curves.

In Figure 9, the vertical resolution V in arbitrary units has been
plotted against the number of lines in the picture. Curve V is a straight
line through the origin because the number of scanning lines deter-
mines the vertical resolution explicitly when the size of the scanning
spot is constant in terms of the scanning-line pitch. The horizontal-
resolution curve H, has been drawn with ordinates which vary inversely
as the number of lines or such that the product of H, and V is con-
stant. This relation between horizontal resolution and vertical resolu-
tion is valid for any other reasonable criterion for measuring resolution
as well as the reproduction of an abrupt junction from black to white.
Curve H, (for m =1) was made to intersect curve V at that number
of lines (507) for which the vertical resolution and the horizontal
resolution are essentially equal as seen by inspection of Figure 7. This
condition determines curve H, uniquely. Then we may say that the
curves V and H, of Figure 9 are plots of vertical and horizontal resolu-
tion in the same arbitrary units when measured by the criterion of
response to an abrupt junction.

The curve H, (for m = 0.67) is similar to H, except that the inter-
section with V is at 441 lines as indicated by the close agreement of
curve h, and v in Figure 6. Curve H; also was drawn such that its
ordinates vary inversely as the number of lines, but the value of H,
was made about 10 per cent lower than 17 at 343 lines since by inspec-
tion of Figure 5, &, is about 10 per cent less steep than » for this
number of lines.

(6) PICTURE REPETITION RATE

Since the speed of the scanning spot along the scanning lines is
proportional to the picture-repetition rate, the steepness of the curves
Iy, b, and by of Figures 5, 6, 7, and 8 and the ordinates of H,, H., and
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H; of Figure 9 would vary inversely as the repetition rate. The net
effect is that the number of lines which will provide a prescribed ratio
of horizontal and vertical resolution will vary inversely as the square
root of the picture-repetition rate.

The present study has been based upon the assumption of a frame
frequency of 30 per second, interlaced. The corresponding field fre-
quency is 60 per second, a number which has the advantage of dividing
into the fundamental and harmonic frequencies of the prevalent 60-
cycle power circuit a whole number of times. Let us briefly digress to
review the possible advantages and disadvantages of several other
frame frequencies.

A system using 24-frames and 48 interlaced fields per second ap-
pears attractive due to increased resolution or saving in frequency
band. However, if the present study had been based upon 24 frames
per second the suggested number of lines would be only 12 per cent
higher. Unfortunately the 24-frame system is vulnerable to several
serious defects. As a consequence of cross-talk in the transmitting
equipment and the receiver, the kinescope beam is subject to small
spurious modulation and deflection at 60- and 120-cycles. The beating
with the 48-cycle field deflection causes adjacent fields to have different
brightnesses and different positions on the screen. The result is 12-
and 24-cycle flicker and motion in various areas of the scanning pattern
as discussed in an earlier paper.* In addition to the usual types of
cross-talk between electric circuits, the kinescope beam is deflected by
the 60-cycle stray magnetic field of the power transformer.

By the use of additional electric filtering, electric shielding, mag-
netic shielding and careful transformer placement the cross-talk can
be reduced to tolerable values, but the residual spurious deflection
(though not readily detectable) will still reduce the theoretical vertical
and horizontal resolution by at least a part of the theoretical gain.
The 24-frame interlaced picture will also have appreciable inter-line
flicker due to the low repetition rate (particularly for the brighter
pictures) that will contribute further to eye fatigue.

One source of interference tending to cause flicker at a rate of 24
cycles per second that could not be avoided by the television engineer
is the 120-cycle photo-electric pick-up by the camera from the 60-cycle
light source generally present at the site of outside pick-up programs.
The authors are convinced that the defects of a 24-frame system
enumerated above appreciably outweigh the theoretical gain of only
12 per cent in horizontal and vertical resolution.

* “Scanning Sequence and Repetition Rate of Television Images,” R. D.
Kell, A. V. Bedford and M. A. Trainer, Proc. I.R.E., Vol. 24, No. 4, pp.
559-576, April 1936.
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A frame frequency of 15 per second has been seriously considered
because it has the desired relation with the power frequency and
because it theoretically would allow an increase of about 41 per cent in
the vertical and the horizontal resolution within the available video
band. Of course the low-field frequency of 30 would cause an intoler-
able amount of flicker unless sufficient light-storage were used in the
receiver, such as conceivably might be provided by a suitable lumi-
nescent screen having long retentivity. However, if the screen material
had a gradual rate of decay of light in common with the thousands
of materials already reported, the picture would be badly smeared
when the subject moved. On the other hand if at a future date an
ideal picture-storage device should become available for providing
uniform brightness for each entire frame period followed by an abrupt
replacement by the next frame, flicker would be eliminated, but rapid
motion in the subject would appear rather jerky. It is therefore very
probable that a 30-frame-per-second interlaced system will afford a
greater net service to the public.

(7) CHOICE OF NUMBER OF SCANNING LINES

It is clear that if the vertical resolution and horizontal resolution
are grossly differént, most of the excess value of the greater is lost
due to the observer’s tendency to choose a viewing position where his
eyes, rather than the lower resolution, limit his realized resolution. At
this viewing position it is evident that the observer obtains no appre-
ciable benefit from the excess portion of the greater resolution. If
the difference between the two resolutions is relatively small, say
20 per cent, the excess is not entirely lost in every case, because it is
known that observers do not or can not generally adjust their viewing
distance so critically that all of the excess of the higher resolution is
unappreciated. Neévertheless, the various viewing distances used will
tend to vary about the position where the eye limits the realized reso-
lution. Hence, even when the excess of one resolution is small, the
benefit from the excess portion of resolution will be less than from a
similar-valued portion of the lesser resolution.

Generally the subjects to be transmitted by a television system
for domestic service will be varied and will require substantially, equal
vertical and horizontal resolution for satisfactory results. Then upon
the assumption that the vertical and horizontal borders and outlines
of objects and areas in the picture are of equal value in defining the
objects and areas, any increase of definition of either vertieal or
horizontal borders or outlines at the expense of the other definition
must detract from the completeness with which the object is defined
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as a whole." Therefore, from the point of view of resolution only,
the number of lines should be such as to provide “equal vertical and
horizontal resolution.” However, there'are several other qualifying
and limiting conditions affecting the choice of number of scanning lines
which will be discussed; but for the moment we shall assume that a
condition of equal vertical and horizontal resolution makes optimum
use of available facilities and determines the number of lines.
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Fig. 9—The 1" and H-curves are vertical and horizontal reso-
lution, respectively, provided by receivers having the idealized
over-all frequency characteristics shown in the insert. The
Q-curves are intendzd to indicate the corresponding picture
quality as a function of the number of scanning lines.

By application of only the criterion of “equal resolutions” the
optimum number of lines may still be 507, 441, 290, or some other value
depending upon the response characteristic of the typical receiver

10 Certain tests made in a recording “facsimile” system indicate that
a typed page has maximunt legibility when the horizontal resolution of the
system is somewhat greater than the vertical rvesolution. This is due to the
predominance of vertical strokes in the average typed page and the close
spacing of the letters along the typed line compared with the line-to-line
spacing. In order to accommodate many such transmissions most efficiently
the vertical and horizontal resolutions are generally made unequal in
facsimile systems.
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assumed as seen by the points where V intersects H,, H,, and H, in
Figure 9. It is expected that the fidelity of response of commercial
receivers will vary with the price class of the receiver and with the
future state of development of the art. Then since only a single num-
ber of scanning lines must be chosen to operate with all the types of
receivers, it is desirable to know the relative quality of the pictures
of receivers, it is desirable to know the relative quality of the pictures
received by the different receivers for different numbers of lines.

Curve Q, (for m» = 1) in Figure 9 is intended to express an index
of picture quality as a function of the number of the lines and a
fixed-video response. According to curve Qq, the quality is reduced as
the number of lines is varied above and below that corresponding to
equal values of H; and V,. Q is calculated from the formula

1
Q= (2)

V5)(5)

The assumption is that the vertical blur, 1/V and the horizontal
blur, 1/H, may be regarded as vectors at right angles. The formula
effectively adds these vectors and obtains the reciprocal of the sum,
a number which appears to be related to the net resolution provided by
V, and H,. Admittedly, this procedure is arbitrary, but it has some
logical support and has been partially verified as an equation of prac-
tical significance by a series of specific viewing tests.!!

Curves Q. (for m = 0.67) and Q, (for m =o0) were calculated by
using the values of H, and H, instead of H, in Eq. (2). Each Q-curve
is a maximum at the number of lines which provide equal vertical and
horizontal resolution. Due to insufficient evidence presented here con-
cerning the reliability of Eq. 2, the curves Q, Q., and Q; will be used
only as a qualitative aid in visualizing how picture quality may be
impaired when H and V are appreciably unequal. None of our con-
clusions will depend upon numerical values taken from the @Q-curves.

There are several factors which tend to reduce the horizontal reso-
lution of a receiver operating under practical receiving conditions:

(1) Multiple-path reception of the radio wave. (This depends
upon terrain, obstacles, and reflectors such as buildings. No known
remedy gives complete relief in many receiving locations so that

1 Tn these tests a calibrated test pattern consisting of converging
bars (see Reference 2) was reproduced by a television receiver having a
fixed-band width with the test bars placed at 45° to the scanning lines,
such as to indicate resolution in a diagonal direction. The number of
scanning lines was changed in small steps over a wide range. The average
values of readings by five observers were plotted and found to conform
quite closely to curve Qs of Figure 9.
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multiple-path reception is probably a permanent factor of consequence.)

(2) Accumulated-phase and amplitude errors in the transmitting
and receiving system!>. (This is likely to be appreciable particularly
in chain programs in which the residual imperfections of equalization
for the repeaters and links have an opportunity to “add up.”)

(3) Imperfect aperture compensation. (Since aperture compensa-
tion requires an increase in the high-frequency response without the
introduction of non-linear phase shift, rather complex correcting cir-
cuits are required. Due to cost considerations, a compromise solution
is likely. Precompensation in the transmitter may offer a partial
solution of this problem.)

(4) Vestigial side-band transmission. (Kell and Fredendall’® and
other writers have shown that inherent imperfections in the horizontal
transitions occur, due to the absence of most of one of the side bands,
even when only ideal filters are used. This effect is important only
when high modulation is used.

It is impossible to evaluate accurately the effects enumerated
above, but it is reasonably estimated that they may be on an average
of such value that a receiver which is perfect for the available 4.5-
Mc video band (as indicated in Figure 9 by m — 1) would provide
actual horizontal resolution poorer than that shown by H, (for
m =10.67).

Considered only from the point of view of the overall-frequency
characteristic, a receiver having the characteristic which we have
indicated by m = o, is very poor compared with the measured response
of a certain existing commercial receiver of good quality. However,
the measured transient response of the commercial receiver proved to
be very comparable in rate of rise to the theoretical transient responssz
for the m = o receiver, due to the phase distortion associated with
circuits employed for rejecting adjacent channel interference. Never-
theless, this receiver demonstrated that it was capable of reproducing
a satisfactory 441-line picture. It is to be expected that most com-
mercial receivers will fall short of even the effective fidelity indicated
by the curves for m = 0.67. In order not to penalize the receivers of
this general fidelity excessively, the number of lines should not be
much above 441 (see Figures 6 and 9).

It is known that as the number of scanning lines is increased the
objectionableness of the line structure of the picture is reduced. Even
though the limitation of resolution is generally subject to more serious
criticism than the visibility of the line structure it should still be

12 See Reference 6.

B R. D. Kell and G. L. Fredendall “Selective Side-Band Transmission
in Television.” RCA Revicw, Vol. 1V, No. 4, pp. 125-440, April 1940.
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economical to shift the choice of the number of scanning lines slightly
upward from that determined solely by considerations of resolution.

The line structure of the picture can be altered by changing the
size, shape, and light distribution of the scanning spot. The circular
receiving spot with cosine-squared distribution of intensity was chosen
for this study because such a spot permits high-average light intensity
in present practicable kinescopes. A size of spot giving 50 per cent
overlap was chosen as a reasonable compromise between loss of resolu-
tion for a larger spot on one hand, and a loss of light and a more
apparent line structure on the other hand.

A uniform rectangular spot with height equal to the line pitch
may be considered ideal since it produces an entirely flat field and
provides higher resolution than other configurations, such as a cosine-
squared spot with 100 per cent overlap'!, which is also known to produce
a flat field. A vertical-transition curve v, for the rectangular spot, is
plotted in Figure 2 (v, corresponds to » which is for the cosine-square
spot with 50 per cent overlap). Since the rate of rise of v, is essentially
the same as that of curve v the subsequent curves of Figures 4 to 9
would apply substantially as well for the rectangular spot.

It is of interest to note from Figure 7 that if the full possibilities
of the 4.5 Mc video band (represented by m = 1) become realizable
and the rectangular scanning spot becomes practicable—as results of
future engineering development—the optimum number of lines would
be about 507.

In view of the several considerations above, we conclude that the
use of a number! of scanning lines between 441 and 507 at 30 frames
per second allows optimum use of the channels available for a television-
broadcast service in the United States. In reaching this conclusion we
have satisfaction in the belief that adoption of the number of lines
suggested will allow a nearly optimum performance of receivers of
present commercial quality and at the same time will not penalize
future receivers of improved quality.

" Recommended by H. A. Wheeler and A. V. Loughren, Reference 3.
A flat field is one in which no visible line structure is present.

15 The number of lines should preferably be multiples of small odd
whole numbers in order to facilitate construction of simple electronie
synchronizing-signal generators. Numbers 441, 495, 507, 525, 539, 567,
605, 625, ete. satisfy this condition.

It is interesting to note that the number of scanning lines 507 results
in K = 0.85 when inserted in equation (1) after revision as follows:

f: N:: 'a 1&’ (1 + fu) (1 — fr) /2
where ty = 0.15 = the fractional part of horizontal-sweep period for return
time) and fr = 0.10 = the fractional part of vertical-sweep period allowed
for vertical-return time.
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A 500-MEGACYCLE RADIO-RELAY DISTRIBUTION
SYSTEM FOR TELEVISION

By
F. H. KROGER, BERTRAM TREVOR AND J. ERNEST SMITH
Engineering Department, R.C.A. Communications, Inc., New York, N. Y.
Summary.—This paper reviews the development and operation of «
radio-relay system for television-program distribution. Television programs
from W2XBS located on the Empire State Building in New York City were
delivered to Riverhead, Long Islund, throngh radio repeating stations near
Hauppauge and Rocky Point. The amplification in the repeaters was accomp-
lished without demodilation and re-modulation in the repeater equipment.
Radio carrier frequencies between 400 and 500 Me were employed in the
radio links. The carrier was frequency modulated divectly by the video
signals. The paper describes some of the problems involved in designing
radio networks to interconnect television hroadcasting stations and describes
some of the methods applied in their solution. As « result of these develop-
ments it is now feasible to provide vadio networks for television-program
distribution over wide arcas.

ATIONWIDE television service requires the distribution to

\_ remote areas of program material originating in any one

locality as is now done by wire networks in sound broadcast-
ing. Facilities for this service usually employ directive radio or wire
networks which are capable of transmitting a modulation band ranging
from 30 cycles to several million cycles per second.

Several years ago, an experimental system was set up to determine
the feasibility of television relaying by radio. This work resulted in
the construction and operation of a radio relay between New York City
and Camden, New Jersey, in 1933.! At that time a 120-line picture
was transmitted which required a modulation band of one megacycle.

During the last eight years the video-modulation band has increased
from one megacycle to the present requirement of four megacycles. Ia
developing a distribution system, possible future requirements should
be taken into account and these may necessitate the use of even wider
modulation bands.

In 1934 tubes of appreciable output at frequencies of 100 to 200
megacycles were available. To make use of these frequencies, R.C.A.
Communications, Inc. installed an experimental communication circuit
between New York City and Philadelphia.? This circuit provided valu-

1 “The Radio-Relay Link for Television Signals,” C. J. Young, Proc.
I.R.E., Nov. 1934.
*“The New York-Philadelphia Ultra High Frequency Faecsimile Relay
System,” H. H. Beverage, RCA Review, July 1936.
_ “Practical Application of an Ultra High Frequency Radio Relay Cir-
igl3t8,” J. Ernest Smith, F. H. Kroger and R. W. George, Proc. I.R.E., Nov.

31
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able information on operating costs, maintenance, and signal propaga-
tion at 100 megacycles. By 1938 the progress of the art permitted the
design of radio-relaying equipment for frequencies as high as 500
megacycles, Consequently, in 1939 an experimental 500-megacycle tele-
vision radio relay was built and operated.

To determine the feasibility of relaying by radio it is necessary
to consider the proper antenna heights, antenna aperture dimensions,
spacing between relay stations, and power radiated to give the most
economical result. These considerations must be based upon available
data on ultra-high-frequency propagation.® There are other factors

HAUPPAUGE ROCKY
POINT
200 4’—\‘—_—-\~______J
100]
O 2 a 3] 8 10 12 14
MILE S

Fig. 1—Profile of terrain between Hauppauge and Rocky Point.
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Fig. 2—Profile of terrain between Rocky Point and Riverhead.

such as signal fading, unusual interfering noise sources, and antenna
efficiency which must be taken into account. Moreover, the particular
terrain in question will be a factor in determining the final layout since
advantageous use can often be made of elevated points thus permitting
lower tower structures.

It is of interest to note that when the antennas of a fixed aperture
at each end of a link are at heights sufficient to allow the direct and
reflected rays to arrive at the receiving antenna with a phase angle of
substantially 120 degrees, the required amplifier power gain is then
inversely proportional to the square of the frequency, assuming a con-
stant transmitter power input. This fact indicates that it would be
advantageous to operate at as high a frequency as possible; especially,
since the higher the frequency, the lower will be the antenna heights

34“Ultra High Frequency Propagation Formulas,” H. O. Peterson, RCA
Review, Oct. 1939.
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necessary to bring the direct and retlected rays together with the 120-
degree phase angle at the receiving antenna. It was felt that 500 mega-
cycles for a carrier frequency would be a suitable starting point even
though higher frequencies may offer additional advantages. It is
expected, however, that there will be an upper limit of useful fre-
quencies due to absorption by rain, fog, snow, and gases of the atmos-

Fig. 3—Hauppauge tower and penthouse.

phere. Also, the noise level in receiving equipment to make use of such
high frequencies may be greater than is now anticipated.

Frequency modulation was employed in this work due to its advan-
tages for circuits where multipath phenomena are absent.! Further-
more, tubes were available which greatly minimize the equipment for
producing a frequency-modulated carrier. In addition, frequency modu-
lation permits the use of limiting and class C amplification thus, sim-
plifying the problem of maintaining overall circuit linearity.

1 “Freq. Modulation Propagation Characteristics,” M. G. Crosby, Proc.
L.R.E., Vol. 24, No. 6, June, 1936.
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Recent measurements® have shown that automobile-ignition inter-
ference is present with about the same field strength on all frequencies
between 40 and 450 megacycles. This means that the interfering energy
received with antennas of the same effective height and directivity will
be constant with frequency. However, the antenna directivity (power
gain) for a given aperture area increases in proportion to the square
of the frequency; hence, a large reduction of received interference is
had at the higher frequencies if the interference is not generated
directly in front of the receiving antenna.

Fig. 4—Rocky Point tower and penthouse.

In Figure 1 is shown the profile of terrain between the Hauppauge
terminal and the Rocky Point repeater. This profile has been plotted
to show the conditions existing with an earth’s radius 4/3 of its actual
value in order to take into account the normal refraction occurring in
the earth’s atmosphere. Using this profile to estimate the magnitude
of the received signal by combining the direct and reflected rays in the
usual manner we obtain a value of 1.6 millivolts delivered across a
75-ohm receiver input, assuming a transmitter power of one watt and

7 “Field Strength of Motor Car Ignition Between 40 and 450 Mega-

cycles,” R. W. George, presented at the U.R.S.I., Washington, D. C., April,
1940.
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an antenna gain of 20 decibels at each station. This calculation was
based on the assumption that the indirect ray was reflected from the
ground whereas, actually, underbrush and trees would cause the effec-
tive reflection point to be somewhat higher. A difference of ten feet
would reduce the calculated voltage by 20 per cent giving 1.3 millivolts.
The actual measured value was found to be 1.2 millivolts.

In Figure 2 a similar profile is shown between Rocky Point and
Riverhead. Calculation of the expected signal compared with that actu-
ally measured shows agreement within about four decibels which is as
close as the accuracy of the profile will allow in this case.

Fig. 5 Riverhead receiving antenna,

Although extensive continuous observations have not been made
over such fifteen-mile paths, it is felt that signal fading would be quite
small, as no appreciable fading has been observed during the tests of
this television relay. A circuit of 30 miles in length operated on 500
megacycles with good optical clearance has shown fading of more than
ten decibels to occur rarely and then only for short periods of less than
an hour.

Assuming that fading is produced by varying amounts of refraction
which results in varying the path-length difference between the direct
and reflected rays, then it would be expected that minimum fading
would oceur when, under average conditions, the path-length difference
is Yo wavelength. This condition brings the direct and reflected rays
in phase at the receiving antenna which results in the strongest pos-
sible field. Changes of refraction conditions in the atmosphere will
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only alter the phase angle between the two components and will alter
the resultant field strength only slightly. The opposite condition occurs
when the two components are nearly in phase opposition at the receiv-
ing antenna, as in this case a small change in phase angle gives a large
change in the resultant field. It is not usually economical to place the
antennas at a sufficient height to bring the direct and reflected rays in
phase so that a compromise with antenna heights should give a path-
length difference of 1,6 wavelength or 120 degrees. This condition
results in a received field equal to that which would be obtained in free
space where only the direct ray would be present.

Fig. 6—500-Megacycle terminal transmitter.

In order to choose the proper amplifying system it becomes neces-
sary to know the amount of gain to be incorporated in each repeater
amplifier. The term repeater as used here is considered to be the
apparatus between input and output antennas. The maximum gain
that can be used is determined by the ratio between the maximum
repeater-output power and the noise power appearing at the repeater
input. If this ratio is 120 decibels and a signal-to-noise ratio of 50
decibels is desired, then the repeater gain would be 70 decibels. It is,
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of course, necessary to use the proper size of antennas, antenna heights,
and station spacings to bring the signal-to-noise ratio at the repeater
input to the desired value.

At the present state of development, the 500-megacycle receivers
having an r-f band of eight megacycles give an equivalent noise-power
input of 1.4 times 10—!* watts. The signal power required for a 50-
decibel signal-to-noise ratio is then 1.4 times 10~ watts. If the maxi-
mum power output of the repeater amplifier is 1.4 watts we will require
a repeater gain of 107 or 70 decibels.

We have seen that our repeater amplifier should have an overall
gain in the neighborhood of 70 decibels and this amplifier must have a
flat bandpass of at least eight megacycles. Experience has shown that

ARSI

Supralsrire
'i. i
* " \_h_’_"
<.'.?‘|‘+,
PE |

‘FH”F-’

e
by e o
wda :

)(WESL‘CF'{'
L EVISION HONOSEOR
ROCEWER iy

Fig. 7—474-Mc terminal transmitter at Hauppauge, N. Y.

stable operation can be maintained by converting the 500-megacycle
signal to a lower intermediate frequency in the neighborhood of 100
megacycles where the major portion of the gain is readily realized.
An output of about 0.7 watt can be obtained on either the same 500-Mc
carrier frequency or an adjacent frequency by a high, level converter.
A single stage of amplification is sufficient to raise this power level
to about two watts.

The system herein described used a repeater having an input fre-
quency of 474 meguacycles and an output frequency of 460 megacycles.

The relay system as demonstrated consisted of a terminal station
at Hauppauge, a repeater station at Rocky Point, and a terminal at
Riverhead, all located on Long Island. The tower and antenna struc-
tures at Hauppauge, Rocky Point and Riv~rhead are shown in Figures
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3, 4, and 5. A spacing of 15 miles between stations made this circuit 30
miles long. Television signals as broadcast from the Empire State
Building on 45.25 megacycles were received at Hauppauge on a receiver

Fig. 8—500-Megacycle rcpeater amplifier.

1O ANTENNA TO ANTENNA
CONVERTER| [I-F AMPLIFIER| |I-F AMPLIFIER | |CONVERTER| | POWER AMP,
470 MC [l 100MC 100 MC || n(q)oucnve *55?38;%555
. UTPUT
RCA 955 RCA 18525 RCA BAGT TUBE Ve
OSCILLATOR OSCILLATOR MONITOR
370 MC. 360MC. RECTIFIER
¥
VIDEO
AMPLIFIER
[
KINESCOPE

Fig. 9—Repeater-amplifier schematic diagram.

whose video output was fed to the 474-megacycle frequency-modulated
terminal transmitter. These signals were relayed to Riverhead with
good quality, a total distance of 70 miles from New York. Another
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source of signals at Hauppauge was supplied by a monoscope described
elsewhere in this paper.

The terminal transmitter is shown in Figure 6 and consisted of a
52.7-megacycle oscillator coupled with a reactance tube which was fed
from a video amplifier carrying the picture signal. Following the oscil-
lator, a wide-band tripler stage brought the carrier frequency to 158
megacyeles after which a power-amplifier stage served to drive another
wide-band tripler stage giving an output frequency of 474 megacycles

Fig. 10—Terminal receiver.

at a power level of one watt. Figure 7 shows a block diagram of the
transmitter elements. A monitor rectifier at the transmitter output
gave video signals to allow the output picture to be observed at all times.

The terminal transmitter was coupled to the cylindrical parabolie-
reflecting antenna by means of a single 75-ohm coaxial feed line having
a loss of one decibel per 100 feet. The parabolic reflector was excited
by four folded doublets located along the focal axis. The antenna aper-
ture of 110 square feet gave a measured power gain of 20 decibels over
that of a half-wave dipole in free space. A 100-foot tower supported
the antenna house which was fabricated from 14-inch waterproof ply-
wood treated with boiled linseed oil. The repeater amplifiers and an-
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tennas at Rocky Point were housed in another cylindrical plywood
structure at the top of a 115-foot tower. The antennas were similar
to the one used at the Hauppauge terminal.

The repeater amplifier is shown in Figure 8 and the block diagram
of elements is shown in Figure 9. The input signal of 474 megacycles
was fed to a triode converter, 8 stages of intermediate-frequency ampli-
fication, an inductive output tube operated as a high-level converter,
followed by an inductive output tube operating as a power amplifier.
The input converter made use of an RCA 955 triode by feeding the
signal to the grid and supplying a local oscillator excitation of 374
megacycles to the cathode. The 100-megacycle intermediate frequency

TO ANTENNA
CONVERTER |-F AMPLIFIER| |CONVERTER | |I-FAMPLIFIER FREQUENCY
460 MC 100 MC l.| RCA 954 &LIMITER | IDISCRIMINATOR
RCA 955 RCA 9545 23 MC. & DIODE
RCA 1852 s
f L] { {
OSCILLATOR OSCILLATOR DIFS%ERIOT\%EIN%R VIDEO
A
360 MC. 129 MC 2 DIODE AMPLIFIER
I !
AFC AFC.
MOTOR T KINESCOPE

Fig. 11—Terminal-receiver schematic diagram.

was taken from the plate circuit and amplified by six wide-band trans-
former-coupled stages using RCA 1852 pentodes. Following this were
two wide-band stages using RCA 6AGT tubes which brought the level
up to 1 watt. This level was necessary to drive the inductive output
tube as a converter. A local oscillator of 360 megacycles was also sup-
plied to the input of this tube in order to obtain the final output fre-
quency of 460 megacycles at a level of about 0.7 watts. The final
inductive output-tube power amplifier provided sufficient gain to feed
2 watts to the antenna. The overall gain of the repeater amplifier was
measured to be 80 decibels under actual operating conditions.

Monitor equipment was provided in order that the picture quality
could be continuously observed. At the repeater station the monitor
Kinescope was located on the ground and was fed by a coaxial cable
from the monitor rectifier at the antenna.

At the Riverhead terminal a cylindrical parabolic antenna situated
70 feet above ground fed the signal to the terminal receiver over a
75-ohm coaxial cable. The receiver used an RCA 955 converter identical
to that in the repeater amplifier. Following this, a two-stage 100-mega-
eycle i-f amplifier using RCA 954 tubes gave sufficient gain and selec-
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tivity to allow another conversion to 29 megacycles at which frequency
the major portion of the gain was obtained with six wide-band trans-
former-coupled stages of RCA 1852 tubes. A frequency discriminator
of the Conrad type in combination with an RCA 6H6 diode rectifier
delivered push-pull video signals to an amplifier which in turn was
connected to the monitor Kinescope. Figure 10 shows a photograph of
the terminal receiver and Figure 11 shows the block diagram.

Fig. 13—500-Megacycle sweep oscillator.

In any new radio development, accurate test equipment is of the
utmost importance. While such test equipment is rapidly becoming
standardized for 50-Mc television broadcasting, the state of the art
was such at the time the 500-Mc relay project was undertaken, that it
was necessary to develop the required test tools during the original
research. This need will be readily appreciated when it is understood
that individual links of the relay must be capable of very high fidelity
video transmission in order that cumulative distortion in an overall
chain shall not exceed the television-broadcast requirements.

Figures 12 and 13 show two sweep-oscillator signal generators that
were invaluable during the alignment and adjustment of the r-f and
i-f bandpass stages. The former has a mean-carrier frequency which
may be manually adjusted from 100 to 150 Mc and the latter covers
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the range from 450 to 550 Mc. Each unit is provided with a motor-
driven variable capacitor which permits any amount of frequency
deviation up to 16 Mc at a 50-cycle rate. A sweep rate other than 60
cycles was chosen to avoid confusion with hum patterns. Both units
have automatic volume-control circuits to eliminate any amplitude
modulation in the output.

Figure 14 is a photograph of a typical television oscilloscope used
throughout the relay. Its prime function is to monitor the composite

I'ig. 14—High-fidelity oscilloscope.

video signal and, particularly, to show the formation of the synchroniz-
ing and blanking impulses. For this purpose, 60-cycle and 13,230-cycle
horizontal sweep oscillators were provided. In addition, horizontal and
vertical amplifiers having a flat response from 60 cycles to 7 megacycles
with identical phase characteristics over this range were incorporated
to allow precise study of the individual relay repeaters. A calibrated
attenuator together with a fixed voltage source in each amplifier facil-
itates its use as a peak voltmeter. To simplify schedule analyses of
received square waves into their Fourier series components, a 20-mega-
cycle keying circuit was inserted to “break up” the received wave
envelope into accurately spaced dots. The overall sensitivity of the unit
produces a one-inch deflection on the RCA 1802 tube with a 0.1-volt
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peak-to-peak signal applied at the amplifier input. Operation of the
oscilloscope is conventional and requires no description. The calibrated
peak-voltmeter feature was especially helpful since it permitted direct
correlation of the r-f frequency deviation with the video-signal am-
plitude.

For low-frequency amplitude and phase correction, 60-cycle square
waves were found to be the most satisfactory test signal from the
standpoint of expediency as well as accuracy. This method has the

Fig. 15-—Monoscope-signal generator.

advantage that any normal oscilloscope has sufficient fidelity to repro-
duce the received test wave. A particular variation, when used with
the television oscilloscope, was to transmit the video-blanking impulses
only. This test signal consists of short 60-cycle square waves (7 per
cent duration) and 13,230-cycle square waves (15 per cent duration)
transmitted simultaneously. When the received signal is viewed on a
60-cycle sweep in the scope, the two waves will have equal amplitudes
only when the transmission medium is perfectly corrected. With slight
errors in compensation, the line-frequency-pulse amplitude will be
greater or less than the field-pulse amplitude due to the difference in
gain or phase characteristics of the medium for the 13,230 and 60-cycle
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signal frequencies. To correct the high-frequency portion of the band,
100-Kc square waves were used with some success. In general, however,
it was more expedient to utilize ordinary signal generators with ranges
up to 10 Mc due to the wide pass bands involved.

The final and most conclusive test employed a high-fidelity mono-
scope—Kkinescope chain. Obviously, this signal checks the overall-
circuit performance with respect to stability of syvnchronization, ampli-
tude linearity, signal transients, picture definition, and noise effects
simultaneously. The monoscope unit, containing the RCA 1899 tube,

LN N
-

fonaeno

Fig. 16—Synchronizing-signal generator.

the deflection circuits, mixing amplifier, and power supplies, is shown
in Figure 15. The synchronizing signal generator is illustrated in
Figure 16. The monitor kinescope, housing the 12-inch RCA 1803 tube,
video amplifier, separators, and deflection circuits, is shown in Figure
17. All units were made portable for operation in the field. The mono-
scope chain transmits a standard composite video and “sync¢” signal of
500-line definition. Provisions were made to reverse the polarity of
the video signal to obtain either a white or black background thus
simulating the extreme conditions obtained with the average “movie”.
The 1899-tube pattern contains a wedge of half-tone steps between
black and white for linearity checks. The usual horizontal and vertical
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line wedges show the picture definition, the presence of transients, and
at what frequencies these transients occur.

Before discussing the overall performance of the relay and the
various tests conducted, it will be helpful to consider briefly the nature
of a television signal and, particularly, to compare frequency modula-
tion with amplitude modulation for this type of modulating signal.
Normally, amplitude modulation is studied in one of three forms;
namely, the modulation envelope, the sideband configuration or the

Fig. 17—Monitor Kinescope.

vector method of representation. For our purpose, the first two forms
will be sufficient.

With amplitude modulation, it is well known that the sidebands are
symmetrical about the carrier both as to amplitude and phase no matter
how unsymmetrical the positive and negative polarities of the modu-
lating wave may be. It is a curious fact that the first tendency of a
student, during his early amplitude-modulation studies, is to associate
one sideband with one polarity of the modulating wave. While this
tendency is definitely incorrect when applied to amplitude modulation
it is not so far wrong when the sideband distribution of a frequency
modulated wave is considered. Actually, the amplitude of the sideband
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Fig. 18—F-m sidebands (symmetrical modulation).
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Fig. 19—F-m sidebands (unsymmetrical modulation).

www americanradiohistorv.com


www.americanradiohistory.com

RADIO-RELAY SYSTEM FCR TELEVISION 47

components are symmetrical about the carrier in frequency modulation
only when the polarities of the modulating wave have symmetrical
waveshapes. The phases of the sidebands, on the other hand, are never
symmetrical about the carrier.*

To illustrate this more clearly, consider Figure 18 which disregards
the phase reversals of the even-order sideband components. It will be
seen that the amplitudes of the components are symmetrical for the

65
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Fig. 20—-F-m sidebands (monoscope composite signal).

50-50 square-wave envelope. The sidebands are calculated on the basis
that the peak-to-peak frequency deviation is eight times the keying
rate. A higher value of this ratio would merely move the peak sideband
maxima farther apart without destroying symmetry. It will be under-
stood that, theoretically, the sidebands extend from zero to infinity
since it has been assumed that the modulating wave produces an instan-
taneous frequency change in the modulated wave. Now observe Figure
19 where the modulating wave is a 20-80 dot. The sideband configura-
tion shows a very pronounced component amplitude corresponding to
the frequency of longest duration of the instantaneous carrier. Fur-
ther, there is no sideband symmetry about any frequency. In fact, the

* This statement is correct even if we include the very special case of
sine-wave modulation with a small modulating index, since the even-order
components having a 180-degree phase difference still exist although they are
usually disregarded due to their small amplitudes.
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sidebands, are .about as unsymmetrical as the polarities of the modu-
lating envelop. . ) _

It will be understood that the present discussion is not an attempt
to cover the theory of frequency modulation completely. The intention
has been to show some fundamental concepts that were instrumental in
determining the type of tests to be conducted. Heuristically, we may

4mc Video Component
“n Black Prcture

|
i &E7 Mc —
Reguired Band Wedth

4 mc Video Component
(n White Picture

Sanrrc —=
Regored Band Width

IPig. 21—A-C frequency modulation (carrier at mid-band)

reason from the two examples above, that the blanking and synchroniz-
ing pulses will give sideband dissymmetry. However, the higher fre-
quency components of the video signal, considered as small amplitude
sine waves, would tend to submerge this result. Figure 20 showing the
measured sidebands of the 1899-monoscope composite signal indicates
that no great amount of dissymmetry is obtained for a complete picture
signal.

A distinction should be made between a-¢ transmission and d-c
transmission of the video signal as applied to a frequency-modulated
system. Since the standard video composite signal inherently contains
all necessary information as to the picture background level (by main-
taining a fixed-peak amplitude and fixed super-sync amplitude), the
d-¢ component may be restored in the video circuits at the receiving
terminal. Insofar as the relay is concerned, the signal to be transmitted
may be considered as an a-¢ wave only. If this is done the r-f carrier
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component will not be shifted when modulation is applied. On the
other hand, if the d-¢ component is transmitted over the relay, the r-f
carrier component will vary with the picture background and the fre-
quencies corresponding to the supersync pulses will remain unchanged.
Comparison of Figures 21 and 22 indicates the range of r-f or i-f
frequency deviation with respect to the pass band for the two cases.

4Mc Video Component
(n Black Frcture

8 rrc |
Pequued Band Width

_

4rMc Video Component
i White Prcture

95 Mc ,-]
Reguired Band Width

—

Fig. 22-—-D-C frequency modulation (carrvier variable)

The results obtained on the overall experimental relay will now be
described. With the carrier set at midband and employing a-c trans-
mission with a peak deviation from the carrier of 2 Me, picture defini-
tion of 375 lines was obtained with negligible transients. Synchroniz-
ing and linearity were entirely satisfactory. The r-m-s signal-to-noise
ratio was 31 db.*

To determine if more effective use of the pass band could be obtained
with d-c¢ transmission, the carrier was manually adjusted in steps from
the center towards the edge of the pass band. This was permissible
since the d-c¢ component of the monoscope signal is constant. At each
point the video-signal polarity was reversed to compare the transmis-
sions for two extremes of background level. In effect, this test also
simulated partial sideband transmission as the carrier approached the
edge of the pass band. The integrated opinion of several observers
was that the fidelity of transmission remains unchanged until definite
sideband clipping of the synchronizing pulses resulted in poor syn-

~ *R-m-s S/N ratio is here defined as the ratio of the r-m-s value of a
sine-wave having the peak-to-peak amplitude of the received video signal
as compared to the r-m-s noise.
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chronization. With the carrier shifted toward the edge opposite to the
excursions of the supersync pulses, however, it was found that a some-
what larger peak-to-peak frequency deviation could be employed. Be-
causz of this and the possible theoretical advantage of maintaining
the synchronizing pulses in a fixed portion of the band, automatic d-c
insertion in the frequency modulators may be employed. As a matter
of interest, the simultaneous transmission of video and sound on the
same carrier was satisfactorily demonstrated in an additional tast.

In conclusion, it can be said that radio relaying of television signals
in the ultra-high-frequency spectrum above 400 Mc has been success-
fully accomplished and that a system consisting of radio relays would
be technically adequate and feasible for television program distribution.
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A PRECISION TELEVISION SYNCHRONIZING-
SIGNAL GENERATOR

By

A. V. BEDFORD AND JOHN PAUL SMITH

Research and Engineering Department, RCA Manufacturing Company. Inc.,
Camden, N. ).

Summary—The R.M.A. standard television synchronizing signal con-
sists of three types of rectangular pulses in « single wave. The timing of
all pulses is such that the leading edge of each pulse is either 1/26460-
second or 2/26460-second from the leading edge of its adjacent pulses. The
three types of pulses differ only in the duration (or width) of the individual
pulses, which is not extremely eritical.

In the synchronizing-s'gnal generator described a frequeney-regulated
master oscillator and wmultivibrator generate « wmaster wave of uniform
pulses which occur at 1/26460-second inlervals. This master wave as
produced contains only pulses which have the width specified for the
narrowest type of pulses of the R.M.A. synchronizing wave, but of course,
it has many extra pulses which are not required in the R.M.A. signal.
Also many of the pulses should be made wider as the R.M.A. signal con-
leins two other types of pulses of greater widths. These two other types
of pulses are proditced by “lap-joining” other suitable auxiliary pulses to
the trailing ends of the narrow pulses of the muster wave, without altering
the eritical lead'ng edges of the pulses. The particular pulses of the master
wave which are undesired in the final wave are “blanked” out by other
auxiliary-keying pulses.

Since some of the auxilicry-keying waves are produced by 60-cycle
pitlse waves, it is necessary to lock the 26,460-c.p.s. and the 60-cycle pulse
waves together. This is done by « chain of three pulse-counters (acting
as frequency div'ders) which derive the 60-cyele wave from the master
26,460-cycle wave. Stability is obtained since the tubes involved are em-
ployed substantially as low-resistance keys.

The advantage of frequency dividing over frequency-multiplication is
discussed.

The entire chain of frequency-dviders is kept in synchronism with the
G0-cycle power system by comparing the 60-cycle pulse wave to the power
wave to obtain « control voltage for regulating the 26,460-cyele oscillator.
The civenit used is such that the derived-control voltage is made free of
CO-cucle compenents without saerifice of quick response.

For economic reasons tmvolving veliability of the transmitting system,
maximum attention was given to stability and inherent acenracy of per-
formance in all eritical respects.

INTRODUCTION

ANY of the standards which are necessary to specify a tele-
vision system pertain directly or indirectly to the character-
isties of the synchronizing-signal generator. The shapes of

the synchronizing pulses, the type of interlacing, number of lines,

return periods, and picture-repetition rate, all affect the design of this

-
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generator. The Radio Manufacturers Association has adopted certain
standards covering these points, but has not set tolerances on many of
the standards. In order to obtain acceptable performance extremely
high and stable accuracy is necessary in certain respects, as indicated
in the description below. An entirely-electronic generator has been
developed which employs circuits for obtaining high reliability and
inherent precision of the output waves in all critical respects.

PRINCIPLES OF METHODS USED

In odd-line interlaced scanning as adopted by R.M.A. the horizontal-
deflecting frequency, 13,230 c.p.s., is precisely a whole number plus
one-half times the field frequency, 60 c.p.s. This results in interlacing
since each field scan then contains a whole number plus one-half
scanning lines. (This number is 220.5 lines for the R.M.A. standard
441-line television.) To meet these conditions it is essential that the
generator of the 60 c.p.s. svnchronizing pulses be rigidly interlocked
with the 13,230 c.p.s. pulses. Since the two frequencies differ by such
a large ratio and also do not have a whole number relation, a single-
stage stable direct interlock is not feasible. The exact number of lines
was chosen such as to permit interlocking by several stages where each
step differs in frequency by a small whole-number ratio. A regulated
master oscillator produces 26,460 cycles-per-second signal for driving
a frequency-divider circuit producing half that frequency, i.e., 13,230
c.p.s. Similar frequency-divider circuits operating in cascade also
divide the frequency of the 26,460-c.p.s. oscillator in whole-number odd
steps of 7, 9, and 7 producing frequencies of 3,780, 420, and 60 cycles
per second, respectively.

For several reasons it is desirable (though not essential) that the
nominal 60-cycle-per-second output of the synchronizing generator bz
accurately synchronized with the main power system of the community
being served by the transmitter.® Due to the cost of filtering and
shielding, television receivers will generally have some residual 60-cycle
and 120-cycle ripple in their deflection systems and beam-modulating
amplifiers. If these spurious influences are synchronous with the pic-
ture deflection they are much less annoying as the small power-
frequency waves of displacement of the picture subject and the modu-
lation shadows will not move vertically over the screen. Also when
motion picture films are used as program material, the film projector
should be synchronous and phased with the iconoscope-deflecting sys-
tem within approximately 4 degrees. This condition is conveniently

*R. D. Kell, A. V. Bedford, and M. A. Trainer, “Scanning Sequence
and Repetition Rate of Television Images,” Proc. [.LR.E., Vol. 24, pp. 559-
576; April 1936.
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obtained by driving the projector with a synchronous motor on the
60-cycle power system. Then in order to keep the “60-cycle” signal
produced synchronous with respect to the local 60-cycle power supply,
the two are compared in a special improved circuit which produces
a controlling voltage for regulating the frequency of the 26,460-c.p.s.
master oscillator.

An inspection of the R.M.A. standard synchonizing-signal in Figure
1 shows that it consists of various time-mixtures of 26,460 and 13,230
cycle-per-second pulses. The 26,460-cycle pulses are of two kinds and
occur in small groups at regular sixtieth-second intervals. Each group
consists of six narrow “equalizing’” pulses, six much wider pulses and
six more narrow “equalizing” pulses, all occurring in the order named.
(The six “wider” pulses mentioned, acting as a unit, comprise a single
serrated ‘“‘vertical” or field synchronizing pulse.)* Each such group
occupies only about 4 per cent of the one-sixtieth second.

The remaining 96 per cent of the time is occupied by the normal
13,230-cycle-per-second horizontal or “line” synchronizing pulses.
Their width is 0.08H (where H is 1/13230 second) which is twice as
wide as the equalizing pulses.

When used in the television receiver the leading edges of these
pulses by their abrupt rise cause “firing” of the horizontal-deflecting
oscillator. The duration of the pulses or shape of the trailing edge of
the pulses do not appreciably affect the horizontal-deflecting circuit.
According to the standard the 26,460-per-second equalizing pulses and
the serrated-vertical pulses have alternate rising leading edges which
are timed with the 13,230-per-second pulses such as to provide con-
tinuous uniform rising edges at intervals of 1/13,230 second. These
rising edges provide horizontal synchronization in the receivers which
is uninterrupted by the vertical synchronizing pulses.

In one of the methods tested while developing the synchronizing
generator, the three different kinds of pulses which comprise the entire
synchonizing wave were generated continuously in separate circuits.
The output of each circuit was then keyed by an amplifier which was
intermittently driven to cut-off by certain “keying” waves. The final
wave was obtained by adding the several keyed outputs. This simple
method had a serious fault in that permanently accurate relative
timing of the three types of pulses was not obtained except by frequent
adjustment. The three circuits which generated the three kinds of

* Receivers can be made to operate on a synchronizing signal which is
somewhat less complicated than the R.M.A. standard signal. However, to
do so requires either some sacrifice in performance or the nse nf ~Aditional
complication in the receiver. Since the number of receivers will be much
greater than the number of transmitters, the generation of the R.M.A.
signal is economically preferable.
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pulses were synchronized by the common 26,460-cycle pulses, but due
to variable degrees of “firing resistance” and finite slope of the syn-
chronizing pulses, timing errors, between the several kinds of pulses
in the output wave, of several per cent of H frequently occurred. Fur-
ther difficulty was experienced due to the three kinds of pulses having
different wave shapes of their leading edges and different rates of
rise due to different constants in the three generating and keying cir-
cuits. These errors sometimes resulted in loss of horizontal syn-
chronism in the receiver at those points of non-uniformity which
would require an abrupt increase in oscillation frequency and at other
times caused a slight displacement of a few scanning lines at the top
of the picture screen. For operation beyond reproach it seems that
the error between any two adjacent horizontal-synchronizing leading
edges should be considerably less than that corresponding to one
picture element, which is of the order of 0.002 H.

In the present synchronizing generator, uniformity of both timing
and wave shape of all leading pulses is inherent due to a single 26,460-
c.p.s. multivibrator (which is driven by rectangular waves obtained
from a tuned oscillator and limiter) producing the leading edges of
all pulses in the finished R.M.A. synchronizing wave. These pulses as
produced have a width of 0.04 H and without alteration become the
“equalizing pulses” in the final wave. A section of the 286,460-c.p.s.
pulses are made wider by having other pulses added to their trailing
ends in order to widen them to the 0.43 H as specified for the vertical
synchronizing pulses. During the region which is to contain only the
normal 13,230-per-second horizontal pulses the alternate unwanted
pulses are keyed out and the remaining pulses are widened to 0.08 H
by adding other suitable pulses to their trailing ends. In each case
the leading edges of the original pulses are not altered by the additions.
Since any slight change in the shape or slope of the leading edges or
delay in their transmission through the circuits will be the same for
all types of pulses, no relative errors will be introduced. The widths
of the various composite pulses will vary somewhat with unavoidable
changes in the timing of the added pulses since they are produced in
separate circuits, but considerable tolerance is permissible in this
respect. The widening pulses are always added to the 26,460-c.p.s.
pulses with an appreciable overlap in time so that no gap in the com-
pleted pulses is ever present after a final step of limiting amplification.
The principles involved will become more evident when the specific
apparatus is described.

FREQUENCY DIVISION vS. FREQUENCY MULTIPLICATION
Considered casually it would seem better to begin the frequency
chain with the 60-cycle power supply and use frequency multipliers
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in the various steps to obtain the 26,460-c.p.s. signal, since it would
avoid the indirect method of obtaining 60-cycle synchronism and the
relatively complex frequency dividers as were used in the later signal
generator to be deseribed below. The objection to this simpler method
resides in an inherent weakness of the frequeney multipliers them-
selves, namely that the instantaneous-output frequency of a frequency
multiplier is not necessarily correct and in close agreement with the
average frequency at all times as will be explained. In this type of
device the lower frequency sine-wave signal is greatly distorted by an
amplifier tube to produce harmonies, and the desired harmonic is then
presumably selected and isolated in the plate circuit by a tuned circuit.
The operation is imperfect because the tuned circuit can not readily be
made to have sufliciently low loss to be adequately selective to isolate
the desired harmonic completely. Furthermore even if it were ade-
quately selective it would not be capable of following the slight fre-
quency changes in the 60-cycle power system. (If a flat-top band-pass
filter were used the change in phase with frequency might be objec-
tionable if sharp cut-off is obtained.)

From a physical point of view the lower-frequency input signal
merely shock-excites the tuned-plate circuit once for each lower-fre-
quency cycle and leaves the tuned circuit to generate say 7 or more
cycles by free damped oscillation. Between shocks the frequency may
be slightly off the ideal since it is determined only by the tuned circuit.
Figuratively speaking it may be said that a 60-cycle per second
wave, for example, measures or divides time into 1/60-second units.
Then in attempting to produce by frequency multiplication a frequency
of say 420 cycles per second we have the difficult task of measuring
1/420-second intervals by a “ruler” calibrated only in units seven times
as large. The experimental efforts of others seem to support these
conclusions.

FREQUENCY DIVIDERS

Two very different types of frequency-dividing circuits are avail-
able: the multivibrator* which, when driven by a higher frequency,
may have its natural frequency adjusted so that firing occurs only on
say every seventh pulse, and the pulse-counter circuitt which accumu-
lates the effect of several consecutive cycles of pulses without regard
to their frequency and fires producing a single pulse output when the
accumulated effect is adequate.

*The Dblocking osciilator or other forms of scif-running relaxation
oscillator may be used instead of the multivibrator. The multivibrator is
however, the preferred form of this general type.

¥ The Electric Music Industries, Limited of Great Britain is credited
with developing the pulse-counter ecircuit for synchronizing-signal gen-
erators.

wWww . americanradiohistorv.com


www.americanradiohistory.com

TELEVISION SYNCHRONIZING-SIGNAL GENERATOR 57

Certain advantages in stability lead to the adoption of the “counter”
tvpe of circuits for the synchronizing generator in spite of its greater
complexity,

With reference to Figure 2(a) the “counter” circuit for frequeney
dividing may be explained as follows: Since the first frequency
divider in the chain has been chosen for the explanation, V, is shown
amplifying rectangular waves derived from the master 26,460-c.p.s.

(@) 3780 CYCLE FREQ. DIVIDER

(U
FROM

MASTER V|
OSCILLATOR

20400 é
cPs.

tivdt

AMPLIFIER

(b)

48— — -

VOLTAGE
ACROSS Cp

—

TImME 26460 - 7 | SEC _’j
= 76460 °° 3780

Fig. 2—(a) Frequency Divider. (b) Shows how C. is charged in steps
through V. and C: and discharged at intervals by 1.
oscillator by limiting amplifiers (as shown further in Figures 3 and 4).
The plate resistance R; is high and the grid swing of V is of satu-
rating magnitude so that the output-rectangular wave has amplitude
limited by and approximately equal to the voltage of the power supply
+ B. Starting with no charges on C; and C., the plate voltage swings
to + B and the capacitors C; and C. charge in series through diode V;
to substantially the entire voltage. The + B voltage of say 250 volts is
divided between the two condensers inversely as their respective ca-
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pacitances. C; is small and C, large so that C. has the lower voltage,
say 1/20 of + B which is 12.5 volts.

On the negative stroke diode V, conducts, discharging C, to ground,
but not altering the charge on C,. On the next positive stroke the con-
ditions are repeated except that this time only approximately 225 net
volts are available for adding new charges to the two condensers. Con-
denser C, then will obtain a second incremental charge of only about
10 volts. On the next negative stroke of the plate, diode V. will again
discharge C,. The “stair-step” rise of voltage across C. is shown at
(b) in the figure. Note that the voltage across C, would asymptotically
approach the 4-B voltage as the voltage increments decrease in ampli-
tude if not interrupted. During the “build-up” time trigger tube V,
is biased beyond ‘“cut-off” due to a definite portion of the positive
voltage from the 4B supply applied to its cathode. When the “stair-
step” voltage across C, reaches slightly higher than the cut-off condi-
tion for the trigger tube, depending upon the setting of the potentio-
meter K., the trigger tube conducts, driving the control grid of the
multivibrator tube V; negatively. Tubes V5 and V, are connected in a
conventional multivibrator circuit using the screen grids as anodes for
the multivibrator action so that the plates are available for other pur-
poses to be explained. The multivibrator constants are such that tube
V, would remain in the cut-off portion of the cycle for extremely long
intervals if it were not for the pulses received from the trigger tube
V,. When the trigger tube conducts, the multivibrator is triggered,
tube V; conducts and its plate circuit quickly discharges condenser C.
substantially to zero potential. Then the multivibrator re-sets to its
initial condition where V5 is cut-off and V conducts. The “stair-step”
charging cycle starts again and the charge due to the next seven cycles
is metered by the trigger tube, and so on. The plate output of tube V,
is a 3,780-c.p.s. rectangular wave of suitable amplitude to charge a
similar “C;, and C.” of the next “counter” circuit (or frequency
divider).

This frequency-dividing circuit is entitled to be called a “pulse-
counter” only on the grounds that it produces one output pulse for
every certain number of input pulses over a wide-frequency range. In
the present application the ability of the output to “follow” the input
for a large frequency change is of no great value, except that it
simplifies changes for experimental purposes. The real advantage
of using the “counter” circuits instead of the multivibrators alone is
their very great stability in counting accurately with changes in tube
characteristics and +B voltage. The magnitude of each step in the
stair-step charging of condenser C. tends to vary in proportion to the
+B voltage. The bias voltage on the cathode of the trigger tube, which
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responds to the accumulated voltage across C., also varies in proportion
to the +B voltage so that approximate cancellation of the effects of
B—voltage changes is obtained. Some tendency to error in “‘counting”
occurs due to the variable resistances of the diodes, which prevent com-
plete charging of C. through V, and the complete alternate discharging
of C, through V.. Also tube V. does not discharge C. to completion
due to tube resistance. However, these cffects may be made negligible

(@) DIFFERENTIAL
DIASING CIRCUIT E - MASTER,
R 2.6A GO~

vy, SINE-WAVE
MANUJAL OSCILLATOR
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SHIFTER
—
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+8,
+8,
420~ 3780~ Lmireg F
FREQ. FREG,
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] 13230~ 13230~ 20460~
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Fig. 3-—(a) 60-cycle Locking Circuit. (b) Wave 1 from the Phase Shifter

and wave 2 from the 60-cycle Frequeney Divider produce frequency control

wave 3 at 3 in the circuit. Note wave 3 is uniform except when correction is
required.

by using circuit constants of relatively high impedance. Also the
cut-off voltage of tube V, may vary incorrectly with plate voltage and
from tube to tube, but this voltage is relatively small, especially in the
high-mu-type tubes. Another and more-serious source of irregularity
was found to be due to gas current and leakage in tubes V; and V;
when certain unfavorable types were tried for these circuit positions.
The merit of this type circuit is due to the fact that to a certain extent
the tubes act only as switches so that stability is largely determined by
the relatively-stable condensers and resistors.
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SIXTY-CYCLE LOCKING CIRCUIT

The frequency-regulating circuit for maintaining the entire syn-
chronizing generator in synchronism with the 60-cycle power system
is shown in Figure 3(a), in which each frequency-dividing circuit is
represented by a block having the lower or output frequency indicated.
The 26,460-c.p.s. oscillator is of the negative-transconductance type and
electronic coupling to the plate circuit is used for output. The fre-
quency is determined by the tank circuit which includes the constants
L, and C, and the automatically adjustable impedance due to the plate
current of the frequency-control tube V,;. Since the grid of this tube
is excited from the tank circuit, through a small condenser C., which
provides phase shift, the plate current is largely in quadrature so the
mutual conductance of this tube will affect the resonance frequency.
The bias of tube V;; and, hence, its mutual conductance is controlled by
the “differential biasing circuit” in accordance with the relative phases
of the 60-cycle power circuit and the “60-cycle” pulse output of the
last frequency-divider of the chain.

The differential-biasing circuit can best be understood by consid-
ering the entire bridge circuit comprised by the four diodes, V. Vi,
Vy and Vi, the condenser C,, the resistor R, and transformer T., as
merely a key or switch that momentarily connects the 60-cycle power
supply through the manual phase shifter to the condenser C,;. The nar-
row 60-cycle pulses as shown at 2 in Figure 3(b) introduced by trans-
former T. into the bridge cause the four diodes to conduct briefly for
each pulse. This conduction charges condenser C., so as to retain
the diodes entirely biased off between pulses while resistor R. continu-
ally discharges the condenser slightly so that the diodes will continue
to conduct during the pulses. The pulses from the frequency divider
as shown at 2 in Figure 3(b) occur near the time the sine-wave power-
supply voltage (wave 1) impressed at P crosses the a-c axis from posi-
tive to negative and has a maximum rate of change. Hence, slight
changes in the relative timing of the frequency-divider circuit and the
60-cycle power line will cause the voltage accumulated upon condenser
C, to vary considerably as shown by wave 3. Since the sine-wave
voltage at P is changing negatively during these pulses, a lagging con-
dition of the frequency divider for example, will adjust the bias on
condenser toward the negative, making the frequency-control tube less
conducting. This in turn tends to cause the master oscillator to increase
its frequency, thereby decreasing the lag of the entire chain of fre-
quency-dividers. Conversely an advancement of the phase of the pulses
produces a retarding influence upon the master oscillator. Hence, when
the tank, L, C,, is set manually such that its natural frequency would
be approximately 26,460-cycles per second, the synchronizing generator
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will be automatically adjusted to synchronism with the 60-cvcle power
supply. Also if the manual setting is made such that balance is obtained
with the 60-cvele pulses occurring very nearly the time the sine-wave
passes through zero, the locking phase relation will not vary appre-
ciably with the amplitude of the power wave, The adjustment neces-
sary for this condition mayv be determined practically by the milliam-
meter in the cathode circuit of the frequency-control tube.

The time required for a frequency adjustment to occur after it is
needed is very short, but no appreciable 60-cycle changes in voltage
occur across C,, since C, can neither lose nor gain charge between the
narrow 60-cycle pulses as indicated by Wave 3 being uniform between
pulses of Wave 2. Note also that if no frequency correction is needed
the control-voltage Wave 3 is uniform d.c.

These advantages were not present in an early form of regulating
circuit used experimentally in which the 50-cycle power wave was beat
with the 60-cycle pulse wave and rectified to produce variable height
controlling pulses. In that circuit the pulses were filtered by R-C cir-
cuits to change the pulses to a variable d-c¢ control voltage. Difficulty
was experienced in that when the filtering was made adequate to avoid
excessive 60-cycle frequency modulation, the control action was slug-
gish and subject to hunting or over-swing.

WAVE-SHAPING CIRCUITS FOR AUXILIARY QOUTPUT WAVES

TFigure 4 shows the entire synchronizing generator in block diagram.
In the left-hand portion of the figure the chains of frequency dividers
are indicated by blocks containing the letters FD and a number cor-
responding to the cycles-per-second output. The block marked *‘L-26,-
460" is the limiter amplifier shown in Figure 3 and supplies the delay
network DN-26,460 with 26,460 rectangular pulses per second. Sim-
ilarly the frequency divider FD-13,230 is a source of synchronized
13,230-cycle rectangular pulses which supplies another delay network
DN-13,230 having several different output taps. The frequency divider
FD 60 (shown in Figure 3 also) is a 60-cycle synchronous pulse source
for synchronizing five separate multivibrators shown as blocks “MV”’,
These 60, 13,230, and 26,460-cycle-per-second sources are used to pro-
duce all the synchronizing-generator output signals.

For example the output signal known as “video blanking” is a mix-
ture of 60-cvcle-per-second pulses and 13,230-cycle-per-second pulses
with the 13,230-cvcle pulses eliminated during the occurrence of each
60-cvcle pulse. The letter “d” in Figure 4 indicates the conductors for
this wave and the wave shape is shown at “d” in Figure 5. The compo-
nent waves ¢ and b are mixed in the mixer-limiter, block ML-1 of Figure
4, to provide the sum wave ¢. Wave ¢ is limited in the same block at the
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level of the broken line to produce the wave d which is supplied and
transmitted at 75-ohm impedance by the line amplifier, block LA-1. In
each case the small letter adjacent the conductors in Figure 4 corre-
sponds to the wave shape present in that portion of the circuit as shown
in Figure 5. Figure 6 shows the essential circuit elements (which are

b C© d d
Mlv L-1 2 ML Vad L|A ~
]
My -
L2 L-2

OSC.-OSCILLATOR
FD. ~FREQUENCY DIVIDER
MV, ~ MULTIVIBRATOR.
DN, - DELAY NETWORK.
. - LIMITER AMPLIFIER
ML. -MIXER & LIMITER
LA, - LINE AMPLIFIER

Fig. 4—Block diagram of entire Synchronizing-signal Generator. Letters
a, b, ¢, ete. refer to wave shapes in Figure 5. Wave w (w') represents
R.M.A. Synchronized output wave while d, ¢, f, and g are used for auxiliary
equipment.
represented by the blocks in Figure 4) for producing the “video blank-
ing” wave d as explained. Tube V,,, the output stage of the 60-cycle
frequency divider (FD 60) synchronizes the multivibrator (MV-1) via
the amplifier-buffer stage V,,. The time constant (RC) in the grid
of the first triode of Tube V,, is very long compared to that of the
second triode of the tube. Hence, the first triode remains cut-off for
longer periods and is caused to conduct by negative pulses applied upon
the grid circuit of the second triode, The brief conduction period of
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the first triode of V,. can be adjusted by the potentiometers which
controls the positive bias on the second triode so that the duration of
the positive pulses impressed upon tube V,, can be made as long as
desired in the wave b of Figure 5. Tube V,, serves as a mixer since its
plate is in parallel with the plate of the second triode in tube V..
Tube V,,; also limits its positive plate swing by cut-off and its negative
plate swing by drawing grid current.

The multivibrator MV-10 which includes Tube V,; is synchronized
by 13,230-cycle-per-second pulses from the frequency-divider, FD 13,-
230, which have been properly delayed by the delay-network DN-13,230.
The multivibrator output-wave a is combined with wave 0 by means
of the second triode of V. to form voltage wave c. (Actually waves
a and b are present as current waves in the plate leads while the
voltage on the plate of either Tube V,, or the second triode of V,, is
wave c.) The first triode of Tube V,_ and the line-amplifier Tube V,,
serve as limiting amplifiers to reduce wave ¢ to wave d by saturating-off
the portion of wave ¢ above the broken line. The line-amplifier LA-1
is connected for output from its cathode circuit as this provides a lower
impedance for operation into a 75-ohm distribution cable.

The “Iconoscope blanking” output wave and the apparatus for pro-
ducing it is essentially the same as for the “video blanking” wave
except that the pulses are shorter and are delayed different amounts
in the synchronizing generator due to the Iconoscope blanking being
subjected to additional delay by transmission through the television
camera cables. The wave is shown at ¢ in Figure 5 without the addi-
tional delay and the circuit apparatus involved in its generation may be
determined by following backward along the lines from the letter e
in Figure 4.

The “vertical-driving signal for the Iconoscope” is a simple 60-cycle-
pulse wave as shown by wave f in Figure 5. Its generation involves only
one multivibrator MV-3 (synchronized by the 60-cycle frequency-
divider), a limiter and a line amplifier as shown in Figure 4.

The “horizontal driving signal for the Iconoscope” is a similar kind
of wave involving a similar type of apparatus except that the frequency
of the pulses is 13,230 per second as shown by the wave ¢ in Figure 5
and the letter “g” in Figure 4.

CIRCUITS FOR GENERATING THE R.M.A. SYNCHRONIZING WAVE

The last signal output of the synchronizing generator is the “R.M.A.
synchronizing wave” as indicated at w and ' in Figure 5 for the inter-
vals near the even and odd vertical pulses respectively. (W and w' are
views of the same voltage wave taken 1/60-second apart.) For clear-
ness the number of equalizing pulses and the duration of each vertical
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pulse shown in « and «’ has been halved as can be seen by comparing
with the R.M.A. standard drawing T-111 of Figure 1. Since several
unusual methods are employed to insure a very high degree of accuracy
in the wave at its critical points, a brief review of the steps is of
interest.

All of the waves from 7 to v in Figure 5 are generated and used in
various combinations to produce the final wave . In the last step,
wave «w is obtained from wave v alone by simply limiting or “clipping”
at the positive and negative levels indicated by the broken lines on
wave v. Wave v on the other hand is derived by adding the four waves
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Fig. 5—Wave shapes prerent in circuit of Figure 4 at points indicated.
Wave v, from which R.M.A. synch wave 1w is derived, is the sum of », s, t,
and # as shown by dotted arrows.

r, 8, t, and « in mixer M-1 as indicated in Figure 5 by the vertical dotted
arrows connecting the several waves. Wave »r is a simple 26,460-cycle
pulse wave produced by a delay-synchronized multivibrator, MV-8, and
a limiter, L-5. Wave s is the 13,230-cycle pulse wave p after having a
group of the pulses keyed-out by each pulse of the 60-cycle wave q.
The keying is accomplished in the mixer-limiter, M1.-3, of Figure 4 by
applying the two waves p and ¢ respectively to the first and third grids
of a tube of the type commonly known as a pentagrid converter. When
wave p allows electrons to pass the first grid, the wave ¢ modulates
their flow to the plate output circuit whereby one wave modulates the
other. Wave t is produced in a similar manner by allowing wave ¢ to
key wave o in the mixer-limiter ML-4. The waves », ¢, and o originate
in multivibrators synchronized by suitably-delayed pulses.

wWww . americanradiohistorv.com


www.americanradiohistory.com

TELEVISION SYNCHRONIZING-SIGNAL GENERATOR 65

Wave u is obtained by the 60-cycle pulse wave m keying the 26,460-
cycle wave n in the mixer-limiter, ML-5, with such polarity that the
high-frequency pulses are passed only during each 60-cycle pulse.

The pulse of wave m must be delayed with considerable accuracy
with respect to the output of the 60-cycle frequency-divider in order to
insure the leading pulse of each 60-cycle group of pulses in wave #
being a whole pulse. The main delay is obtained indirectly by using
the back or trailing edge of the pulses of wave & instead of a delay
network as will be explained. Wave & is distorted to a shape such as
shown at ¢ by transmission through a small condenser with a resistance

DN - 13230

FD
13230

OUTRUT
R

Fig. 6—Multivibrators, mixer, limiter, and line amplifier for combining
waves « and b to form wave ¢, which is limited to produce d.
output load. It is then applied to the first grid of a pentagrid tube
through a series resistor which limits wave ¢ at the broken line due
to grid current, producing wave k. Wave j is applied to the third grid
of the tube and the limited wave k holds the tube cut-off except when
pulse z of wave ¢ occurs. Then the plate-output circuit contains small
isolated 60-cycle groups of the 26,460-cycle pulses as shown in wave [
The leading pulse of each 60-cycle group of wave [ then accurately trig-
gers the multivibrator MV-6. This multivibrator produces the 60-cycle-
pulse wave m which is used as described above. Wave m is, therefore,
accurately timed with respect to the 26,460-cycle-pulses of wave % since
waves n and J are outputs of the same multivibrator. It should be noted
that the trailing end of the pulse of wave I could occur any time be-
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Fig. 7—Front View of Complete Fig. 8—Rear View of Synchroniz-
Synchronizing-signal Generator. ing-signal Generator.
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tween the pulses ¥ and z of wave j and still select the same pulse z
as the leading pulse in the group in wave . Such tolerance in operation
allows reliable accuracy in performance without critical adjustments.

As mentioned before, the extreme uniformity of all leading edges
in the finished synchronizing wave w is due to the fact that the same
oscillator produces all pulses of wave r, which provide the leading edges
of all the pulses of various widths in the finished wave. The unwanted
pulses of wave » are extinguished by wave s and certain other pulses
are made wider by adding to their trailing end the pulses of waves
t and u. If it had been attempted to add these pulses so that no over-lap
was caused, i.e., as a sort of “butt point” the relative timing and wave
shapes would have to be adjusted to extreme accuracy to avoid notches
and gaps in the sum pulses. Study of Figure 5 shows that by using a
“lap-joint” between adjoining pulses and by subsequent clipping, con-
siderable tolerance in the timing and shape of the various component
waves may be allowed.

PRrACTICAL FEATURES

Figures 7 and 8 respectively show front and rear views of the syn-
chronizing generator mounted in a cabinet rack. All of the 62 tubes
(most of which are double tubes) and the controls are on the front
of the single chassis, and are made accessible by opening the hinged
door. Most of the smaller components are mounted on bakelite terminal
boards and are readily accessible as seen in the rear view. The wiring
has been greatly simplified by carefully grouping the apparatus so that
leads are very short. This also avoids the need of shielded wires except
in a very few connections. Adequate electric isolation of the various
parts from one another is obtained by locating the parts in suitable
groups on the chassis. Of course all circuits which contain pulse signals
having steep wave-fronts, corresponding to scveral megacycles, are
relatively low-impedance circuits in order to provide fidelity and pre-
vent cross-talk.

The tube heaters are supplied by thz five 60-cycle transformers near
the bottom of the chassis, two in front and three in the rear. The plate
supply required is 770 milliamperes at 250 volts, which is usually sup-
plied from two external regulated power rectifiers operating on 110
volts a.c. (320 milliamperes of this current is used in the five line
amplifiers for distribution about the studios.)

Since a failure of the synchronizing generator in a commercial
television installation might cause a serious interruption or impair-
ment of service, great attention was given to attain reliability and
inherent accuracy (rather than accuracy which is dependent upon crit-
ical adjustments of controls). The use of relatively complicated circuits
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in the signal generator which require the use of many tubes (with the
resulting increased number of chances for tube failure) might seem
to decrease the reliability. However, the circuits were chosen to permit
the operation to be unaltered by very large changes in tube character-
istic without readjustment of controls. Therefore, routine checking
of tubes should avoid failure by the normal deterioration of tube char-
acteristics. Furthermore, abrupt structural failure of tubes is rela-
tively rare when, as in this case, all tubes are operated conservatively
within their rating.

Similarly, a number of variable controls are provided as an aid to
reliability as they allow easy periodic adjustment to optimum mean
positions using an oscilloscope for an indicator. This insures that
gradual changes in the circuit elements will not likely cause failure.
They also permit some changes for experimental purposes.

Considerable experience with the several factory-built synchroniz-
ing generators of the type described, indicates that excellent results
may be expected if reasonable care is used in routine maintenance.
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FIELD-STRENGTH MEASURING EQUIPMENT AT
500 MEGACYCLES

By
R. W. GEORGE

Enginecring Department, R.C.A. Communications, Ine., Riverhead (L. L) N, Y,

Summary—The problems encountered in wltra-high-frequency field-
strength measurement are discussed. Equipment for making measurements
at frequencies on the order of 500 meguaeycles is described which is adapted
to the basic method involving the use of a half-wave dipole-recewving an-
tenna having known constants, and « signal generator which can be sub-
stituted dircctly for the antenna to duplicate the signal voltage induced in
the antenna. A method of making peak-signal or no'se measurements 1is
briefly described.

frequencies can be successfully applied at ultra-high fre-

quencies, but as may be expected, the difficulties increase
rapidly with frequency. The methods and equipment to be described
are believed to yield a reasonable degree of accuracy because of the
fundamental considerations involved. The most important elements
in such a measuring system, including the antenna system with trans-
mission line and the standard signal generator with their related
problems, will be discussed in some detail. Briefly, the method chosen
uses a standard signal generator which is connected to the transmis-
sion line in place of a half-wave dipole and is adjusted to deliver the
same signal strength to the transmission line as did the antenna, this
equality relation being indicated on a suitable receiver connected to
the output of the transmission line. The signal generator has an
internal impedance substantially equal to the radiation resistance of
the half-wave dipole which is known to be nearly 75 ohms. The calibra-
tion of the signal generator yields the induced voltage which is equal
to the voltage induced in the antenna. The voltage induced in the
antenna and its known effective height then yields the field strength
in volts per meter which is the antenna voltage divided by the effective
height of the antenna. A desirable feature of this system is that the
receiver and transmission line are used only as a comparative volt-
meter and, therefore, their characteristics are relatively unimportant.
Modifications of this method are sometimes desirable in practice, with
the result that some care must be given to the choice of the trans-
mission line and its termination at the receiver.

'}\ﬁETHODS used in making field-strength measurements at low
YA
&Y
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ANTENNA SYSTEMS

For ultra-high-frequency measurements of field-strength, the half-
wave dipole is most convenient since its free-space constants of resis-
tance and effective height are known. Practically, of course, free-space
conditions cannot be obtained, but the error due to use of the free-
space constants of the dipole is usually inconsequential when reasonable
care is used in selecting the location of the antenna. The problem then
is to determine the voltage induced in the dipole. The most direct pro-
cedure is to replace the antenna with a signal generator having the
same impedance as the dipole and introduce in series with this
impedance the same voltage as was induced in the dipole to obtain the
same receiver response. The accuracy of the voltage calibration of the
signal generator then in a large measure determines the accuracy of
the measurement.

Transmission-line characteristics and receiver gain must be stable
during the period of measurement, since these factors affect the result-
ant accuracy. It is generally desirable that the antenna be matched to
the transmission line and that the receiver properly terminate the
transmission line, but it will be apparent that these factors can be
imperfect without appreciably impairing the accuracy of field-strength
measurements by this method. It is only necessary that the signal
generator have the same internal resistance as the antenna and that
the transmission line be properly coupled to the receiver so that voltage
picked up on the line cannot combine with the voltage delivered by the
antenna. Measurements can be facilitated by measuring the line loss
with the signal generator at the desired frequencies and subsequently
duplicating the received signal by connecting the signal generator
directly to the receiver. In this case the voltage at the antenna is
obtained by considering the voltage at the receiver input and the line
loss.

Low-impedance, twisted-pair transmission lines up to about 100
feet long are usually satisfactory for use at frequencies as high as 150
megacycles. This type of line is unshielded, requires the use of a
well-balanced receiver-input coupling or an electrostatic shield placed
between the coupling coil and the first tuned circuit. The use of coaxial
transmission line is almost a necessity at higher frequencies because
of its perfect shielding and reasonably low loss. It is somewhat fortu-
nate that satisfactory coaxial lines having about 75 ohms character-
istic impedance are available as this impedance line can be terminated
readily by a coaxial resonant-input circuit in a receiver, and requires
no critical-matching transformer to match to a half-wave doublet
antenna. A single coaxial line is preferred for practical reasons. The
two halves of the dipole are connected to the inner and outer conductors
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of the line. In this case it is desirable to assure the antenna balance
by some means. Figure 1 shows one method which by virtue of the
quarter-wave-long sleeve placed around the coaxial line, makes the end
of the line have relatively high impedance to ground. Thus, the dipole
antenna connected as shown is at high impedance to ground and each
half is practically balanced. This balance also prevents unbalanced cur-
rents from flowing in the halves of the antenna as a result of currents
induced in the outer conductor of the transmission line.

A certain accepted type coaxial line seems to withstand reasonable
handling and has been used even in short lengths with suitable end-

| é‘ DIPOLE 1

___-COAXIAL LINE
Z2=75n

Fig. 1—A standard dipole connected to a coaxial transmission line.

m

fittings for “patch cords”. In this way fairly uniform coaxial con-
nections can be had which are “smooth” electrically at frequencies
over 500 megacycles. This line has a loss of about 3.5 decibels per 100
feet at 450 megacycles.

SIGNAL GENERATORS

The importance of electrically “smooth” connections in measuring
work cannot be overstressed especially at frequencies above 100 mega-
cycles. Using a small commercial 75-ohm terminating resistor, a sat-
isfactory termination of a 75-ohm line is obtained. In the case of the
signal-generator-output attenuator shown in Figure 2, the 75-ohm
coaxial line is carried up to the 75-ohm resistor which with about 14
inch of lead, forms the coupling loop. This added lead in the coupling
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loop tends to mis-match the line termination appreciably at 500 mega-
cycles and in some cases may make it desirable to calibrate the instru-
ment in terms of voltage delivered to a 75-ohm load, or the character-
istic impedance of the desired transmission line. In this case, the
equivalent voltage induced in the antenna is equal to twice the voltage
delivered to a 75-ohm transmission line.

In Figure 2 are also shown the essentials of a signal generator
including the output-line termination, which are incorporated in such
an instrument operating up to nearly 600 megacycles. A shielded
oscillator supplies a calibrated reference voltage E to the primary
inductance L,. Near the low-voltage end of L, is placed the outer
cylinder of the attenuator. The inside diameter of this cylinder is
small compared with the shortest wavelength used; hence, the voltage
induced in L, inside the cylinder varies as a logarithmic function of

ADJUSTING
NUT ; COUPLING
] LOOP, Lp N, [ |

-:‘

T _,u'rvu—r-osc '
75n [ \ |

COAXIAL UTER | |

CYLINDER

] A PN AR

Fig. 2—Attenuator detail and elements of a signal generator.

the distance between L. and the end of the cylinder near L;. A very
useful feature of this type of attenuator is that the attenuation law
is substantially constant regardless of the applied radio frequency.
The chosen diameter of the outer cylinder is about 11/16 inch which
in practice gives an attenuation of about 47 decibels per inch along
the axis of the cylinder. By threading the movable element carrying
L., and driving it with an indicating nut, this attenuator can be set
with an error of less than 0.1 decibel. Thus, it will be seen that the
practical accuracy of this signal generator is dependent on the adjust-
ment and measurement of E across L, to the values for which the
instrument is calibrated. As will be shown later, the absolute value of
E is unimportant, but it is desirable to use a means of measuring £
which is reliably constant and preferably has no frequency error. Up
to about 200 or 300 megacycles, the vacuum-tube voltmeter is highly
satisfactory and requires but one calibration good for this and lower
frequencies. This is true because the voltage induced in L. is pro-
portional to the voltage E across L; for all frequencies where L, is
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electrically short compared with the wavelength. Diode voltmeters are
still stable and fast-acting at the higher frequencies and therefore
useful, but require that the instrument be calibrated at a number of
frequencies. The reference voltmeter measuring E is placed in a sep-
arate shielded compartment and connected with L; by the lowest pos-
sible reactance path.

Fig. 3—U-H-F signal generator, 400 to 580 megacyeles. Output continuously
variable from about 0.1 volt to less than 1 microvolt.
Output impedance 75 ohms.

Absolute calibration of this signal generator is had by comparing
the output voltage ¢, with a known voltage. Then if desired, the voltage
in L. can be calculated if the impedance of L. and its series resistance
are known. The known or standard voltage can be measured by several
means; an ultra-high-frequency thermocouple is probably one of the
best available at the present time.

Fig. 4—U-H-F signal generator shown in Figure 3 with cover removed.

In Figure 3 is shown an example of a signal generator covering a
continuous frequency range of 400 to 580 megacyeles and conforming
with the principles discussed. The maximum output voltage e, is on
the order of 1/10 volt. A replaceable attenuator element to give bal-
anced output to a low-impedance two-wire line is also provided for this
instrument. This of course requires a separate set of calibration data.
The frequency can be set by the calibration to within 1 megacycle of
the desired value and is relatively easily adjusted to give an audible
beat note with the local heterodyne oscillator in a receiver. A trace of
frequency modulation is present when using a.c. on the oscillator
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heater. The frequency is changed by means of a conventional condenser
which can be rotated through 180 degrees by a suitable speed-reducing
mechanism. Either a-c or battery-power supply is contained within
the unit.

In Figure 4 is shown the signal generator with the outside cover
removed. The output of the attenuator projects from the casting at
an angle through the panel on the right. The casting houses the oscil-
lator and diode voltmeter, both acorn-type tubes, and filter elements
for the supply leads. The microammeter for the diode voltmeter is on

Fig. 5—60 to 500-megacycle receiver with auxiliary measuring equipment.

the left side and behind this is an a-c power supply including a voltage-
regulator tube for the oscillator-plate supply.

RECEIVING EQUIPMENT AND METHODS OF MEASUREMENT

In Figure 5 is shown an ultra-high-frequency receiver with other
equipment useful in measuring work. The top unit is a signal generator
similar in design to the one described, but covering a frequency range
of from 30 megacycles to 200 megacycles. The second and largest unit
is the receiver covering a frequency range of from 60 megacycles to
a little over 500 megacycles. This frequency range is obtained by
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the use of a 40-megacycle intermediate-frequency amplifier in the lower
half of the unit which can be connected to one of the three u-h-f con-
verters in the upper half of the unit. The converter on the right cover-
ing from 250 to 500 megacycles is provided for either two-wire or
coaxial-line input. The input to the i-f amplifier can be brought out
and connected with the signal generator as shown, thus providing a
convenient means for intermediate-frequency-amplifier measurements.

SIGNAL
GENERATOR

A
5 DIPOLE

&

COAXIAL LINE
Z =750

SIGNAL LEVEL
INDICATOR

UHF .
RECEIVER

] -~—~AUDIO
LOW PASS

FILTER

l

AUDIO
MEASURING
EQUIPMENT

Fig. 6—Elements of an u-h-f field-strength measuring system.

In this intermediate-frequency amplifier the 40 megacycles is converted
to a second intermediate frequency of 4.1 megacycles and then rectified
with a diode, the diode current being indicated on a microammeter. A
beat oscillator at 4.1 megacycles is also provided which is used in
making peak measurements as will be explained. The next lower unit
is an audio amplifier with an adjustable 80-decibel attenuator on the
input and a rectifier-type meter on the output. This amplifier is also
equipped with a tube operating at cut-off bias, the output of which, in
headphones, is nil until the peak voltage just over-rides the bias, thus
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providing a means of measuring peak voltage. A 5-kilocycle low-pass
filter is incorporated in the narrow strip panel below the amplifier.

A convenient method of making peak radio-frequency measurements
is as follows with reference to the block diagram of measuring equip-
ment shown in Figure 6. A known peak carrier is supplied to the
receiver having preferably a strength somewhat greater than the peak
signals or noise to be measured. The receiver gain is adjusted so that
the strength of the signal at the diode is about 20 per cent or less of
the value of the beat oscillator signal as indicated on the diode meter.
The beat-note output of the receiver is fed to the audio-amplifier
through the low-pass filter and the audio-amplifier gain is adjusted to
give a peak voltage just over-riding the bias of the last tube as indi-
cated in the headphones. This setting of the attenuator on the audio
amplifier is the calibration for the peak value of the carrier supplied.
Subsequent peak measurements of weaker signals can then be readily
referred to this calibration point. For instance, with the known signal
input to the receiver, the audio attenuator may indicate a 60-decibel
loss inserted in the input to the audio amplifier in order to obtain a
peak voltage which will barely over-ride the bias on the peak voltage
measuring tube. With the unknown signal input to the receiver, the
same output may be obtained with the audio attenuator having, say,
42 decibels loss. It will be apparent that, in this case, the unknown
signal strength is 18 decibels lower than the signal strength used
for calibration. If desired, a peak recording system can be used
instead of the manual measuring system. The low-pass filter is espe-
cially important for noise measurements to provide a known band width
for the measurement.

The high degree of flexibility in the various elements described
enhances the usefulness of the equipment for functions other than the
making of field-strength measurements. The measuring equipment and
methods described were developed in the field laboratories of R.C.A.
Communications, Inc., at Riverhead, New York, under the direction
of Mr. H. O. Peterson.
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U-H-F OSCILLATOR FREQUENCY-STABILITY
CONSIDERATIONS

By
S. W. SEELEY AND E. I. ANDERSON

RCA Licensce Laboratory

Summary—Each of the circuit components in «un oscillator may change
its characteristics with change in temperature. Some of them are subject
to change with changes in humidity and operating parameters. These effects
are discussed with particwlar emphasis on change in inductance with change
n temperature, since less aftention has generally been given this cause of
oscillator instability. An oscillutor designed to have very small drift is
described.

NE of the principal problems in the design of receivers for
@ operation on the ultra-high frequencies is that of oscillator
- stability. The magnitude of the problem is perhaps best indi-
cated by the fact that on a percentage basis, 5,000 cycles drift at 40 Mec
is the equivalent of only 125 cycles at 1 Mc. Because the most important
services expected to occupy the u-h-f region, namely television and
aural broadcasting, utilize wider channels than do lower frequency
broadcast stations, it is probable that the absolute value of tolerable
drift in cycles may be somewhat greater than is now considered satis-
factory for the broadcast band. Nevertheless, greater stability in
u-h-f receivers is needed than is necessary in the broadcast band.

A study of the problem has been made, and the practical results
have indicated that any desired degree of oscillator stability may be
achieved. Furthermore the increased stability may be obtained by
straightforward engineering practice involving no unusual circuits or
effects, and with readily available commercial components. Model
oscillators and a complete receiver have been built for 40 to 42-Mc
reception in which the oscillator drift has been limited to 1 ke. There
is no indication that the results achieved in this laboratory work can-
not be duplicated in production.

FACTORS CONTRIBUTING TO FREQUENCY INSTABILITY

The factors influencing oscillator frequency drift can be divided
into three broad classifications, namely: heat, humidity, and operating
parameters.

The effects of temperature variation on oscillator frequency are
well known. Because most commonly used materials have a positive
temperature coefficient, the result of an increase in temperature is an
increase in the amount of L and C in the circuit, with a consequent
decrease in frequency. The only components which may be expected

717
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to have a zero or negative temperature coefficient are some of the
newer types of fixed capacitors.

The effect of an increase in humidity is also to lower the oscillator
frequency, since water vapor has a higher dielectric constant than
the air it displaces, resulting in an increase in the capacities of the
system.

The operating parameters include the potentials applied to tube
elements. These are subject to variation as the line voltage varies or
as audio output causes fluctuation in the B supply.

HeaT

The effects of heat are probably of greatest importance, since they
are present under any circumstances. LEven if it were possible to
arrange the other circuit elements so that they would not be subject
to temperature change, some effects of the change in temperature
within the tube must inevitably be present. In a typical receiver of
practical construction the temperature rise of carefully located com-
ponents may be as much as 30° C. Any greater inercase is probably
the result of inadequate ventilation or improperly located components.
Because fixed condensers, which are impervious lo temperature changes,
are readily available, their contribution to frequency change need not
be discussed. All other components however, play a part in the total
drift of the oscillator.

INDUCTANCE VARIATIONS
A simple expression for the inductance of a coil is as follows:*

" L = inductance in microhenries
I - 9 = radius of coil in inches (1)

- ! = length of coil in inches
] n= 11urr$1be1‘ of turns

From this formula we may derive various other useful formulas
to evaluate the effect of temperature changes on an inductance. It is
highly improbable that the radius and length of a coil will expand at
the same rate if its temperature is changed. For example, if a coil
is wound with large wire on a thin form or if the form has a coefficient
smaller than that of the wire, the coefficient of expansion of the radius
is likely to be that of the wire while the coefficient of expansion of
the length is likely to be that of the form. Under other conditions both
the wire and the form may be instrumental in determining the change
in radius of the coil with temperature changes. If these effects can

* H, A. Wheeler, Proc. of 1.R.E., Vol. 16, Oct. 1928.
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be evaluated, a formula for the change in inductance with change in
temperature is useful.

Let A = coefficient of thermal expansion of radius in coil
B = coefficient of thermal expansion of radius of coil
t = temperature change in degrees C.
2 (1 + Bt)? 12 4 210 BE + 1Bt
Then L = — =
(1 + Bt)+ 101(1 + At)

Differentiate and set t = o

9r + 9rBt + 101 4+ 10/A¢

dL 200212 B + 9r3n2B — 10022A 20{B + 9rB — 10lA
SN . =L
dt (9r 4+ 100" 9r 4+ 101
AL 100(B — A)
—— =B+ = Coeflicient of inductance vs. (2)

AtL 9 + 101 temperature

If the radius of the coil and length of the coil both expand at the
same rate (B = A) then:

—— =B (3)

or the coefficient of inductance vs. temperature is equal to the coefficient
of expansion vs. temperature.

If the expression is solved for zero inductance change with tem-

AL
perature, it bzcomes - =0
AtL
10Bl — 10A1
or B+————=n0.
9r + 10!
A 0.9r
or — =24+ ——, (4)
B {

In other words if we are to have a coil with zero change of induc-
tance with temperature, the coefficient of linear expansion of the coil
must be greater than twice its coeflicient of radial expansion by an
amount equal to nine-tenths of its radius divided by its length.

The coefficient of expansion of copper wire is 16 X 10—¢ parts per
degree C. Equation (3) indicates that the inductance of a copper-wire
coil would increase linearly at this rate if both the radius and length
of the coil were increased at the rate of expansion of copper. The
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change in frequency for small changes in inductance may be expressed

as
<Af > AL
—{ =)= (5)
f 2L

Thus if the inductance of an oscillator coil is changing at the rate
of 16 X 10" parts per degree C, the resultant change in oscillator
frequency would be 8 X 10— parts per degree C. Therefore at 40 Mec,
this coil would produce a frequency shift of 320 cycles per degree or
9.6 ke for a 30° change.

According to available data, the coefficient of expansion of paper
base phenolic tubing as commonly used by radio manufacturers is
from 17 to 25 X 10— If a coil were wound on material having a
coefficient of 17 X 10—° the above results would be very nearly correct.
If we assume a coefficient of expansion of 22 X 10— for the coil form,
and a coil loose about the form so that expansion of the form will not
increase the radius of the coil beyond that due to the expansion of the
copper, but with the ends securely fastened so that the length of the
coil will be determined by the form, solution of equations (2) and (5)
indicates that a change in frequency of 6 parts per million per degree
centigrade may be expected if [ = 2s.

Equation (4) indicates that for equalization of inductance varia-
tions with temperature of a coil with a diameter equal to its length
(I =27), B should be 39.2 X 10— if A =16 X 10—°% No such material
was available, but an experimental coil was wound on hard rubber
which has a coeflicient of approximately 80 X 10—5. Using this material
7/l should have been 3.33, an impractical shape, but a coil was wound
with an 7/l ratio of unity. This coil should have exhibited a negative-
temperature coefficient of inductance of approximately minus 18 X 10—
per degree C. The measured-temperature coefficient was minus
8 X 10—% This may have been due to the expansion of the form
inereasing the radius of the coil beyond that due to expansion of the
copper, or because the coefficient of expansion of the form was less
than the assumed value.

Data as furnished by the various manufacturers of phenolic tubing
vary widely, so that information regarding the particular tubing to
be used in any case must be obtained. In addition, there may Dbe a
considerable difference between the rates of axial and radial expansion.

The use of a type of wire with a very small coeflicient of expansion
was investigated. Invar and Nilvar, trade names for an approximately
36 per cent nickel and 64 per cent iron alloy, have a coefficient of
expansion of less than ome part per million per degree centigrade. A

wWww . americanradiohistorv.com


www.americanradiohistory.com

U-H-F OSCILLATOR FREQUENCY STABILITY 81

coil wound with this wire has an inductance change of less than 1 part
per million and a frequency shift of less than Y cycle per million
cycles per degree centigrade. But a typical coil of this material has
a @ factor of only 10 or so, as compared with a @ of 180 for a mechan-
ically identical copper-wire coil. However, the Nilvar coil can be plated
with some low-resistance metal such as copper. It will then have the
physical thermal characteristics of Nilvar and the electrical character-
istics of copper because of skin effect. For example, Nilvar wire with
a diameter of 0.058” was plated with copper to a diameter of 0.063",
providing a copper coating 0.0025” thick. A coil of this composite wire
had the same Q as a copper-wire coil of the same physical character-
istics at frequencies as low as 10 Mc¢ (the lowest frequency at which
tests were made) ; thus at the higher frequencies a thinner coating of
copper might be used.

A coil wound with this composite wire fully justified the calculated
results. The change in inductance was so small as to be difficult to
measure—substantially less than 1 X 10— per degree C.

Although the Nilvar wire is rather stiff, much more so than even
hard-drawn copper, it may be necessary to mount the coil on a form
to obtain the required mechanical rigidity. For this purpose a ceramic
is indicated. Ceramics have suitable properties as u-h-f insulators, and
in addition have the lowest coefficient of expansion (approx. 4 X 10—%)
of any economical, readily available material. Application of Equation
(4) assuming A = 4 X 10— indicates that the Nilvar-Copper coil on a
ceramic form should have a negative temperature coefficient if /I is
less than 2.2, but this has not been experienced with tightly wound
coils on a ceramic form with »/l as small as 14, the temperature coeffi-
cient being positive and less than 1 X 10—%, This may be explained by
the fact that the wire is tightly wound on the form and the radius
is changed more rapidly than the assumed coefficient or because the
coefficient of the ceramics used were smaller than available data would
indicate. In any event, experience has shown that an almost negligible
temperature coefficient of inductance can be obtained with a coil of
copper-plated iron-nickel alloy wound on a ceramic form. With zero-
temperature coefficient condensers and a coil of this type, the tube and
the socket, switches and other components will account for practically
all residual frequency drift.

TUBE CAPACITANCE VARIATIONS

The input capacity of a tube (grid to all other electrodes) will
increase by a substantial amount during warm-up. Measurements of
typical tubes indicate that the increase is likely to be of the order of
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0.02 to 0.04 upf. At 40 Mc an oscillator which has a total of 40 ppf
capacitance across the tuned circuit would have a frequency change of 5
ke per 0.01 ppuf change in capacitance, hence, as much as 20-kc drift
from this cause alone may be anticipated under the specified conditions.
If the design and layout of the circuit is such as to permit a reasonable
amount of lumped inductance, and thus high-tuned impedance, there
are two methods of reducing the effect of changes in the tube input
capacitance. The grid can be tapped down on the coil, or the L/C ratio
can be reduced. The net effect is probably the same, except that switch-
ing problems may become more involved if the grid is tapped down. In
any event the circuit must be arranged to minimize the effect of the
tube-capacitance variation. This effect decreases as the real or apparent
circuit capacitance is increased, Thus, in the example mentioned above,
if the circuit capacitance were 80 ppuf the change in frequency would
be 2.5 ke per 0.01 ppuf change in capacitance instead of 5 ke. At fre-
quencies of the order of 40 Mc or higher, there is a limit to the
amount of capacitance which can be usad across the oscillator tank if
suitable oscillator strength and reliability are to be maintained. It is
for this reason that operation of the oscillator at a submultiple of the
normal oscillator frequency may be advantageous. If the oscillator is
operated at half frequency, something over twice as much capacitance
may be used for the same tuncd impedance. It is more than twice as
much, because a larger proportion of the increased inductance is in the
coil rather than the leads which tends to increase the circuit @ and,
therefore, its tuned impedance. Thus, the frequency shift due to varia-
tion in tube capacitance can be reducad to less than half on a percentage
basis by operating at half frequency. (The total frequency variation
at half normal oscillator frequency will be less than %4 the number of
cycles which would be experienced at the normal oscillator frequency.)

This type of operation imposes a greater burden on the r-f circuits,
since at the converter grid the receiver will be sensitive for signals
at approximately 0.5 and 1.5 times signal frequency. These responses
will be further off frequency than normal images. So if a receiver has
a reasonable image ratio, it will have sufficient rejection for these
spurious responses.

In a receiver operated in this manner with one r-f stage the rejec-
tion at these frequencies was found to be greater than 10,000 to 1.

Conversion gain does not necessarily suffer by virtue of operation
of the oscillator at half frequency. Measurements indicate that if
adequate injection voltage is applied at half frequency the conversion
conductance of pentagrid converters is nearly equal to that obtained
with normal operation. A further advantage of half-frequency injec-
tion is that oscillator frequency is less affected by tuning of the r-f
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circuits, and that less of the oscillator voltage appears on the converter
signal grid by virtue of direct and space-charge couplings.

SOCKETS, SWITCHES, ETC.

Ceramic material rather than phenolic compounds should be used
for insulation of “hot” points of the oscillator circuit. As a typical
example, a 6-channel push-button switch of conventional construction
using phenolic insulation had a change in capacity of 0.2 puf for a
30°C temperature change. If it were connected across a 40 Mc oscil-
lator with 40 p.f total eapacitance a frequency shift of 100 ke would
result. At this writing ceramic rotary switches are available, and
their use is almost imperative for the oscillator band switching, even
though phenolic sections may be used for r-f circuits, to reduce cost.
Ceramic push-button switches are not available as yet. If a push-
button switch or a tuning condenser having a substantial temperature
coefficient must be used for station selection, some method of reducing
the capacitance change effect is necessary. Where the band to be covered
is a small increment of the oscillator frequency, it becomes possible to
connect the switch or condenser across only a part of the coil. For
example, connecting the switch across ¥4 of the coil results in 1/9 of
the cffect for a given capacitance change. The switch or condenser
might alternatively be coupled to the oscillator coil through a mutual
inductance to obtain the same effect.

Several types of variable air dielectric trimmer condensers have
been tested. All possessed positive temperature coefficients which were
small compared with that of other components, and, in general, the use
of air-dielectric, ceramic-insulated trimmers is to be recommended for
changing oscillator frequency. The constant portion of the oscillator-
tuning condensers may be of the fixed zero-drift type, for reasons of
economy and stability.

COMPENSATION

Condensers with negative temperature coefficients may be used to
compensate for changes in capacitance of components having positive
temperature coefficients. It is possible to compensate in the same man-
ner for inductance variations at only one frequency, although for a
small tuning range and a small inductance variation with temperature,
a close approximation to compensation may be realized. It should also
be noted that it is impossible to compensate for a variable tuning
condenser having a temperature coefficient except at one setting of the
condenser.

However, best design requires that the uncompensated oscillator
drift be at a minimum so that a minimum of compensation is required.
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In the first place, it is virtually impossible to make all components
change temperature at the same rate, hence, although an oscillator may
reach equilibrium at the starting frequency after temperature stabiliza-
tion has been reached, it probably has gone through some large fre-
quency changes during the warm-up period. In a typical receiver under
average conditions, temperature stabilization may require an hour or
more, so that during this period the oscillator frequency is changing
constantly. The tube temperature usually approaches temperature
stabilization within about 15 minutes, with the balance of the com-
ponents requiring the longer time. Rapid heating of the compensating
condenser is sometimes accomplished by a heater unit. If the tube
were the only cause of frequency drift, rapid heating of the compen-
sator would be necessary to offset the rapid heating of the tube, but
with other slower heating components also contributing to the drift,
this method can at best be an approxinintion.

Better results might be obtained by using two compensators, one
rapidly heated to offset tube effects, and the other heated by the sur-
rounding air temperature to offset the drift of components which heat
more slowly.

If a large amount of compensation is necessary, production varia-
tions may be expected to be much greater. For example, if an oscillator
had an uncompensated drift of 60 kc as designed and the uncompen-
sated drift and compensation were each to vary 10 per cent in opposite
directions, the compensation would be off 12 ke. If, on the other hand,
it is only necessary to compensate for a 6-kc drift the same production
tolerances would yield a maximum discrepancy of 1.2 ke.

MECHANICAL CONSTRUCTION

Mechanical construction of the oscillator is of great importance in
oscillator-frequency stability in addition to the well-recognized neces-
sity for proper construction to minimize microphonic feedback effects.
It is essential that the construction of the oscillator be such as to
render unimportant any flexing, expansion, or other movement of the
chassis so that oscillator frequency will not be influenced from this
cause. It is further helpful to have leads bent to fit their position so
that none of the leads or parts is under tension when secured in place.
Experience has indicated that several cycles of alternate heating and
cooling over a temperature range somewhat greater than is to be
experienced in service is a further help if the uncompensated drift is
very low. Obviously, proper mechanical construction of switches is
necessary if good repeat accuracy is to be realized.
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HuMIpITY

Because there is no simple method of compensating for frequency
changes caused by variations in humidity, it is essential that each
component be immune to moisture effects insofar as it is possible to
make it so. All components should have substantially zero porosity.
This again indicates the desirability for ceramic insulation for
humidity as well as temperature change reasons.

If suitable insulating materials are not used, the change in oscil-
lator frequency due to humidity changes may well be considerably
greater than those due to temperature variations.
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Fig. 1—Oscillator circuit.

OPERATING PARAMETERS

It is important that the oscillator frequency be not greatly affected
by changes in plate and heater potentials. A change in heater potential
may have two effects; first, it may change the operating characteristics
of the tube (g,,. r,. etc.), and second, it may change the heater-cathode
capacitance which will be of importance if that capacitance forms
part of the oscillating circuit. In general, a reasonable change in
heater voltage about the design value (as might be anticipated from
line-voltage variations) is not likely to cause sufficient change in the
operating characteristics to alter the oscillator frequency substantially,
if the oscillator is otherwise stable and if the tube is not emission-
limited.

The type of heater construction is apparently an important factor
in cathode-heater capacitance variations, both during warm-up and
heater-voltage change periods. No attempt has been made to evaluate
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this effect in terms of types of construction, but certain tubes seem
to be very good in this respect, while others are definitely inferior.
As might be expected, those types which have least change in capaci-
tance during warm-up are least susceptible to changes in heater
voltage, and the effect seems to be of secondary importance in such
tubes. The exact value of cathode-heater capacitance variation has not
been determined, since it is difficult to evaluate separately because of
the fact that in the type of oscillator with the cathode above ground,
the grid is also across the tuned circuit, and its capacitance variations
exert greater influence on oscillator frequency. It seems safe to con-
clude that in a typical oscillator of this type where the cathode may
be tapped about V4 of the way up the coil, the effect of grid-cathode

CHANGE IN LF IN K C

[+ 4 4 I3 15 20 24 28 32 36 40 44 48 32  S6 (14

TIME IN MINUTES
Fig. 2.

variation is substantially greater than cathode-heater variations with
suitable tubes.

Changes in frequency with changes in plate voltage are principally
due to resultant changes in effective grid-cathode electronic capacitance.
Any expedient which reduces the influence of change in grid-cathode
capacitance (as for example tapping the grid down on the coil or using
large shunt capacitance) effects an improvement in frequency vs. plate-
voltage stability as well as in frequency vs. temperature stability.
Obviously, the plate voltage supplied to the oscillator may be regulated
(as by a gas tube), but it is reasonable to conclude that any oscillator
which uses a large tank capacitance to swamyp out tube-capacitance
variations will be sufficiently stable with respect to plate-voltage varia-
tions to eliminate any necessity for unusual precautions in this respect.

A measure of compensation for plate-voltage variations may be
obtained by suitable selection of the position of the cathode tap if the
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oscillator uses a Hartley circuit. As the amount of inductance between
grid and cathode is reduced, the change in frequency with change in
plate voltage becomes less. If the oscillator circuit is of the type
wherein the cathode-heater capacitance is part of the oscillating circuit,
use of this expedient to reduce plate voltage change effects increases
the influence of cathcde-heater changes in capacitance.

An oscillator-converter system designed to have very small drift
and used to evaluate many of the effects previously discussed was built
in this laboratory. The circuit diagram is illustrated in Figure 1.
This unit is not intended to typify the ultimate in oscillator design, nor
is it intended as a standard of performance. Rather, it is included as
an example of an oscillator incorporating the design considerations
brought out herein.
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Fig. 3—Change in frequency with change in oscillator supply voltage.
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The oscillator was used in a receiver to cover 42 to 44-Mc signal
frequency with an intermediate frequency of 2.175 Mc and with the
oscillator on the low-frequency side. The injection was at half-normal
oscillator frequency, and the oscillator was at quarter frequency. The
oscillator output circuit and the 6SA7 injection grid tuning circuit
form a band-pass filter covering the desired frequency range (approxi-
mately 20 to 21 Mec). This circuit also eliminates the oscillator
fundamental frequency from the mixer grid. The coil is tightly wound
with copper-plated Nilvar wire on a 34" ceramic form. It has 7 turns
and the winding length is approximately 1 inch. The cathode tap is
3 turns from the ground end of the coil. The push-button switch
indicated in the diagram is of conventional construction and has
phenolic insulation. The coil 