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TELEVISION, Volume V
PREFACE

TELEVISION, Volume V, covering the years 1947 and 1948, is the
eleventh volume in the RCA Technical Book Series, and the fifth
volume devoted exclusively to television. The first television volume
was published in 1936 followed by Volume II in 1937. Volumes III
and IV appeared in 1947.

Original plans called for the publication in 1950 of a volume cover-
ing the years 1947-1949. Because of the extraordinarily large amount
of work done in television during this period, too many valuable papers
would have had to be excluded for lack of space in a single volume.
For this reason, two volumes are being published simultaneously,
covering the periods 1947-1948 (TELEVISION, Vol. V) and 1949-
June, 1950 (TELEVISION, Vol. VI).

Even with the two-volume presentation, the large number of ex-
cellent papers on the subject of television has made necessary a very
stringent selection process. All the available material can not be in-
cluded in full form. A number of papers are, therefore, presented
herein in summary form only; it has been necessary to omit others
entirely. Suitably balanced presentation of the various phases of tele-
vision was the major criterion in deciding which papers to include in
full and which in summary. The presentation of a paper in summary
form (or the non-inclusion of any particular paper) is not intended
to indicate any deficiency in technical accuracy, literary merit, or
importance.

RCA Review gratefully acknowledges the courtesy of the Institute
of Radio Engineers (Proc. I.R.E.), the Society of Motion Picture and
Television Engineers (Jour. Soc. Mot. Pic. Eng.), the Byran-Davis
Publishing Co., Inc. (Communications), Caldwell-Clements, Inc. (Tele-
Tech), the Optical Society of America (Jour. Opt. Soc. Amer.), and
the McGraw-Hill Publishing Co., Inc., (Electronics) in granting to
RCA Review permission to republish material by RCA authors which
has appeared in their publications. The appreciation of RCA Review
is also extended to all authors whose papers appear herein.

The papers in this volume are presented in six sections: pickup,
transmission, reception, color, UHF, and general.

RCA Laboratories The Manager, RCA REVIEW
Princeton, N. J.
July 18, 1950
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NEW TELEVISION FIELD-PICKUP EQUIPMENT
EMPLOYING THE IMAGE ORTHICON*t

By

JOHN H. RoOE

Engineering Products Department, RCA Victor Division,
Camden, N.J.

Summary—A brief review of the characteristics of the more widely used
types of electronic television pickup tubes traces the trend toward greater
sengitivity, culminating in the image orthicon. This development results in
the present-day ability to televise an unlimited variety of subject matter.
Former restrictions imposed by requirements for large amounts of illumina-
tion have been almost entirely removed. An important by-product of higher
sensitivity is the possible increase in depth of focus of the optical system.

Field or portable equipment has been designed to take advantage of the
improved characteristics of the image orthicon. It is a design which lends
itself to a maximum of flexibility for various types of operation, including
use in studios and in mobile units. Most of the units are shaped like a
medium-sized suitcase. The camera includes a four-position lens turret and
an electronic view finder. Camera cables may be as much as 1000 feet long.
Electrical interconnections are simple and few in number. Each of the
major units is described in some detail, along with its function in the system.
Discussion of some of the unusual circuits is included in the Appendizx.

INTRODUCTION

milestones in the progress of that art. They are steps which over-

come major limitations, and thus open up new fields which men
have only dreamed about before. Such an advance has recently occurred
in the art of television in the development of the image-orthicon
pickup tube.

Television has made much progress in the past two decades in such
things as higher definition, greater picture brilliance and size, greater
immunity to interference in transmission, improved techniques in
propagation, and the introduction of color on a laboratory scale. How-
ever, the requirement for intense illumination of the televised scene
has dogged the industry from its inception up to the very recent past.
This requirement has limited outdoor pickups to daylight hours with
bright sunlight, and indoor pickups either to motion-picture film or to
studios where enormous amounts of lighting on the order of 1000 to
1500 foot-candles could be provided.

I[N EVERY ART, advances occur at intervals which serve as distinct

* Decimal Classification: R583.6.
+ Reprinted from Proc. I.R.E., December, 1947.
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2 TELEVISION, Volume V

The lighting equipment for such studios not only represents a
large capital investment, but it entails excessive operating expense.
Costly air-conditioning systems only partially alleviate the discomfort
of performers, who literally have to “sweat it out” in scenes that can-
not be retaken if things do not go right the first time. From the pro-
ducer’s point of view, such intense lighting produces flat, shadowless,
uninteresting effects which greatly limit the artistic possibilities of
the medium.

These conditions are always attendant on operation with the
iconoscope as a pickup tube. The iconoscope itself is one of television’s
milestones because it introduced the storage principle to the art, made
the system all-electronic, and thus brought television into a form which
has commercial possibilities. It represented a big stride in sensitivity
over previous nonstorage devices. However, its lack of sufficient sensi-
tivity to operate satisfactorily outdoors in cloudy weather or in late-
afternoon dusk, or indoors under moderate lighting, has been, and
still is, its principal limitation.

The next step in the direction of greater sensitivity was the intro-
duction in 1939 of low-velocity scanning in the RCA-1840 orthicon-type
of pickup tube. It retained the storage principle and added a great
improvement in efficiency with a corresponding improvement in sensi-
tivity of the order of five times. This meant the possibility of re-
ducing incident illumination to about 200 or 300 foot-candles.

Wartime development of military television equipment! accelerated
work on a pickup tube which had its beginnings before the war started.
The result of this work we know today as the image orthicon, a pickup
tube which embodies the old principles of storage and low-velocity
scanning, and, in addition, the principles of image-electron multiplica-
tion and signal-electron multiplication. The tube and the theories
underlying its operation and incorporation into television cameras
have been described in detail in recent literature.?

The image orthicon has as its most outstanding characteristic very
great sensitivity, of the order of 100 times greater than that of the
iconoscope. One of the most obvious and useful results of the high
sensitivity of the tube is that, under medium or high illumination,
the lens opening may be stopped down to a very small size, thus giving
an enormous depth of focus. Even under relatively low illumination.

1 A series of papers on military television developments appeared in
RCA Review, Vol. 7, Nos. 3 and 4, September and December, 1946.

2 A. Rose, P. K. Weimer, and H. B. Law, “The Image Orthicon—A Sensi-
tive Television Pickup Tube”, Proc. I.R.E., Vol. 34, pp. 424-432, July, 1946.
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the depth of focus of the image orthicon is much greater than that
obtainable with less-sensitive tubes.

In contrast with the simple orthicon, the image orthicon has another
outstanding characteristic; namely, its ability to accommodate a tre-
mendous light range without serious loss of contrast. The scene illumi-
nation may be changed from dark shadows to bright sunlight and back
again without losing essential picture information.

Other important characteristics are: (a) small target size, (b)
small over-all tube size, and (c) high output signal level.

The small target area makes it possible to use relatively small lenses
which lend themselves to a reasonable turret design. Lenses for such a
field are readily available in a variety of focal lengths and apertures.
The small size of the image orthicon is a factor of great importance in
making the camera itself as compact and light as possible.

All previous types of standard pickup tubes have such low signal
outputs that very high-gain amplifiers are required where shot noise
in the first stage limits the signal-to-noise ratio. The image orthicon,
in contrast to these, produces a high signal output, so that a compara-
tively low-gain amplifier may be used. Hence, shot noise in the ampli-
fier is very low, compared with noise in the beam.

These characteristics have opened up a wide field of opportunities
in television programming, such as night games under standard in-
candescent lighting, daytime athletic and other events lasting into
late-afternoon shadows, and all sorts of special events at any time of
day or night, as well as studio and theatrical shows with standard
stage lighting, and a host of industrial and military applications.

FIELD-PICKUP EQUIPMENT

First and most obvious application for the image orthicon is in
field or remote-pickup equipment.? This type of equipment must be
so designed that it can be transported quickly and easily and set up
almost anywhere for operation with little more than a moment’s notice.
Usually, under such conditions, it is impossible to control the amount
of illumination on the scene; hence, if it is to be truly useful, the
pickup device must have sufficient sengitivity and range to function
with the amount of light available at any time or place. The new field-
pickup equipment being produced by the Radio Corporation of America
has been designed to meet this need.

3R. E. Shelby and H. P. See, “Field Television”, RCA Review, Vol. 7,
pp. 77-93, March, 1946.
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In the design, consideration has been given to the possible needs
for using the field equipment under three different types of conditions.
These are:

1. In temporary locations, inaccessible to vehicles, to which the
equipment must be carried by hand.

2. In temporary locations accessible to vehicles where all of the
equipment except the cameras may remain in a suitable mobile unit
which serves as a control center.

3. In permanent locations where the equipment may be used for
studio productions.

One of the first two of these conditions is encountered in every
operation in the field. The third condition may exist in the case of a
small broadcaster who wishes to begin studio operations with a mini-
mum of capital investment. He may wish to use the same equipment
for both field and studio work in case he is operating on a limited
schedule which permits the necessary breaks for transporting the
equipment. This third condition may also apply to the ambitious
broadcaster who, like many in these times, is unable to obtain any other
type of equipment immediately, and who, in spite of this, wishes to
get the training of technical and program personnel under way for
more extensive operations in the future.

These conditions, together with electrical considerations, dictate in
large measure how the equipment should be divided into units. Each
unit should be small and light enough to be carried by one man. On
the other hand, the number of units must be kept to a reasonable mini-
mum in order to facilitate assembling and disassembling in the field.
The shape of the units must permit easy handling, and also permit
setting them side by side on a bench or table so that the assembly of
units has the general appearance and utility of a console. Simple and
rapid means of electrical interconnection are a further requirement.
To meet these requirements, most of the major units of the field equip-
ment have been housed in cases resembling a medium-sized suitcase in
both shape and dimensions. Cameras, view finders, and master moni-
tors have special requirements which necessitate deviations from this
standard shape.

The block diagram of Figure 1 shows the arrangement of major
units required to make up a system of field-pickup equipment consisting
of two or more cameras, with necessary switching facilities, radio re-
laying, and a mobile unit. It includes also a simplified schematic dia-
gram of the interconnections. The two large upper-left-hand blocks
show the actual camera equipment required for a standard two-camera
system. The third block below (in dotted lines) illustrates how addi-
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tional cameras, up to a total of four, may be included in the system.
The blocks (in solid lines) in the center and right-hand side of the
diagram show equipment which is common to the entire system,
whether it be composed of two, three, or four cameras, and which need
not be duplicated when cameras are added to the system. The dotted
block in the lower center of the diagram shows additional monitoring
equipment which may be added to provide a second viewing position
for an announcer, for visitors, or for other special purposes. In the
case of single-camera operation, the switching equipment and auxiliary
monitoring equipment are omitted.

ﬁ E

LinTed e sew | sy onton |
Fig. 1—Block diagram of field-pickup equipment.

The system illustrated provides a maximum of flexibility with a
minimum number of separate units. As a system it provides many
features which make for ease in operation and fine performance.

Figure 2 illustrates the equipment required for a two-camera setup,
mounted on a desk such as may be used for studio operation. The units
on top of the desk include two camera controls, a master monitor, and a
switching system. These units contain all the controls normally re-
quired by the operators during the program. The other units under
the desk are those which normally require little or no attention during
program time. These units are the synchronizing generator and the
power supplies. '

Figure 3 shows the same equipment mounted in a similar manner
in a mobile unit. Figure 4 is an external view of the mobile unit,
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Fig. 2—Two-camera
system including
desk.

showing how access to the roof is provided through a hatch, and how
a camera may be set up for operation on the roof. Sufficient space is
also available on the roof for setting up a microwave relay transmitter.
Storage space for a maximum of 1200 feet of camera cable is provided
on reels with swing-out brackets at the rear of the mobile unit. The
general plan of the mobile unit showing operating position and storage
space for cameras, tripods, view finders, relay transmitter, sound-
pickup equipment, and miscellaneous accessories, is illustrated in
Figure 5.

CAMERA

Full advantage has been taken of the relatively small size of the
image-orthicon tube in designing a compact camera. The dimensions
of the case, including the cover, but without lenses or view finder,

Fig. 3 — Installa-

tion of field equip-

ment in the mo-
bile unit.
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Fig. 4 — Mobile
unit in operation,
with camera and
relay transmitter
on the roof.

are 20)X10% X 11% inches, and the weight is 65 pounds (see Figures

2 and 9).

The principal features of the camera are as follows:

1. Image-orthicon pickup tube.

2. Completely self-contained deflection circuits.
3. A four-position lens turret with rear control for quick change

of lenses.
Small, flexible camera cable.

Forced-air ventilation.
Accessibility for servicing.

52 59 & 62 BN =

Miniature tubes in picture preamplifier.

Operation over a long cable (up to 1000 feet).

Rugged mechanical construction.

Though the use of lens turrets is well known on photographic cam-
eras, their application to television cameras has not been attempted
before, mainly because the lenses required for iconoscope and orthicon
cameras are too large and heavy for a suitable turret mechanism. Fur-
thermore, the use of optical viewfinders on many such cameras, re-
quiring matched pairs of lenses, at least doubles the difficulties of

turret design.

The useful photocathode area of the image orthicon is a rectangle
0.96 inch in height by 1.28 inches in width. Since this is approximately

the same size as the frame of many
miniature photographic cameras
which use 35-millimeter film, it is
possible to use lenses designed for
such cameras. The Kodak Ektar
lenses for the Ektar camera provide
a useful series of focal length which
has been applied to the image

| g
__LEIIJ‘
1T |

£ :lm 3|E| =

Fig. 5——Plan diagram of the mo-
" bile unit. :
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orthicon camera. Available lenses include 50-, 90-, and 135-millimeter
focal lengths. These lenses are light in weight and are excellent for
turret operation. Special lightweight lenses up to 25 inches in focal
length and with f/5 apertures have been constructed using achromats
in black bakelite barrels with quick-change slotted mountings. These
weigh only 2 to 3 pounds and may be attached to the turret (see
Figure 2).

The four-position turret is mounted on a hollow shaft which extends
through the camera to a control handle and indexing mechanism in the
rear at the operator’s position. Releasing the indexing detent auto-
matically cuts off the picture signal while the turret is being rotated
to another position.

Optical focusing is accomplished in a novel manner by moving the
pickup tube, along with its focus and deflection-coil assembly, instead
of by motion of the lens. The mechanism is self-locking in any position

Fig. 6—Top view of
camera, showing coil
assembly.

of the camera. The greatest advantage in this system is the obvious
simplification of the turret. A second important advantage is the
increased range of focus obtainable when lenses with individual focus-
ing mounts (such as the Ektar lenses) are used. The total available
relative motion between lens and target is then the sum of the indi-
vidual motions. A further advantage of the individual focusing
mounts is that lenses of different focal lengths may be preset to focus
on the same scene, thus eliminating the need for adjusting optical
focus after rotation of the turret.

Figure 6 shows a top view of the camera in which the coil assembly
and magnetic shield are exposed. The coil assembly is supported on a
steel plate which moves on three rollers. At the rear of the compart-
ment may be seen the focusing drive screw and the wiring to the base
of the image orthicon. A small trap door at the rear end of the mag-
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netic shield box exposes the cross field or alignment coil and the gear
drive used for rotating this coil.

Figure 7 shows the focus coil alone. This is a simple, random-
wound solenoid long enough to enclose both the deflecting coils and the
image section of the image orthicon tube with an overhang of about
one-half inch at the front and one inch at the rear. The deflecting
coil assembly, which is mounted within the focusing coil, is illustrated
in Figure 8.

The deflection circuits are included in the camera in order to reduce
the number of major units in the field equipment. To make the camera

Fig. 7—Focus field coil for the Fig. 8 —Deflecting-coil asseﬁbly for
image orthicon. the image orthicond )(outer tube re-
moved).

capable of operating over a long cable, it is necessary to locate the
deflection generators either in the camera itself or in an auxiliary unit
adjacent to the camera. Locating the deflection circuits and part of the
picture preamplifier in an auxiliary unit makes it possible to keep the
size and weight of the camera to a minimum. Such an arrangement,
however, complicates the system by increasing the number of units,
and hence the number of connecting cables and the time and effort
required for setting up, dismantling, and transporting the equipment.
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A further objection is that, in some field operations, an auxiliary unit is
a serious nuisance, especially when the camera has to be set up on a
small stage or platform where space is restricted. In the case of the
image-orthicon camera, it is possible to include all of these circuits in
the one unit without making the camera unreasonably large or heavy.
With this arrangement, it is necessary to transmit over the cable only
the timing information in the form of driving pulses. The transmission
lines used for this purpose are easily terminated with resistors, and
the pulses, which are not unduly critical as to wave form, are then
easily amplified to usable levels.

The horizontal-deflection circuit, in common with similar circuits in
other parts of the system, employs two new types of tubes, the
6BG6G and 6AS7G. The 6BG6G is similar to the 807, but has special
characteristics for deflection output service. The 6ASTG is a twin
triode, having very low plate resistance and large power capabilities.
It is used as a damper or reversed-current output tube.

The horizontal retrace period is made about 10 per cent of the
total horizontal scanning period, in order to avoid the necessity for
artificial compensation for delay in long camera cables. The difference
between the minimum kinescope blanking width (16 per cent) and this
retrace is 6 per cent, or 3.8 microseconds. This is just slightly in excess
of the time required for a round trip (2000 feet) in a 1000-foot cable.

The high voltage required for operating the image-orthicon tube
totals about 2000 volts, —500 volts required in the image section and
-4-1500 volts in the signal multiplier. This is generated by amplifying
and rectifying the pulse signal that appears across the horizontal de-
flecting coils. Negative pulses are partially integrated and fed to the
grid of a 6V6GT amplifier with its plate coupled to the primary of a
special step-up transformer. The screen and cathode circuits of this
amplifier are made degenerative in such a way as to compound the plate
current. As a result, the peak plate current at the beginning of each
retrace period is constant over a two-to-one range of pulse input to the
grid. Thus the voltage fed to the rectifier is nearly independent of
the horizontal scanning amplitude (width). The high-voltage trans-
former includes a small heater winding for the filament of a type
1B3/8016 rectifier. Suitable voltages for the various electrodes in the
image orthicon are obtained from a filtered bleeder.

Negative feedback is employed in the vertical-deflection circuit by
deriving a voltage from the drop across a small resistor in series with
the deflecting coils and, after amplification, injecting the feedback
signal into the plate circuit of the first sawtooth-amplifier stage. This
feedback does two important things. It eliminates almost entirely the
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effect of iron saturation in the transformer core and nonlinearities in
the amplifiers. It also minimizes the effect of varying tube character-
istics, and makes the vertical scanning linearity largely independent of
amplitude.

Blanking signal for the target in the image orthicon is derived
from the horizontal and vertical driving signals by mixing.

Controls associated with the scanning circuits are all located in the
camera. These include height, width, centering, and linearity controls.
Other controls also located in the camera are preamplifier gain, image
accelerator, orthicon decelerator, and horizontal shading. None of
these controls requires attention during actual operation, and hence
the camera man is left free to aim the camera and focus the optical
system.

The picture signal is amplified in a five-stage preamplifier built into
the camera. The preamplifier employs miniature tubes and circuits
compensated to give uniform output up to approximately 8 megacycles.
The cathode follower in the final stage serves to feed the signal over
a coaxial transmission line to the camera control, and also to provide
signal for operation of an electronic view finder which may be used
with the camera.

Components in all parts of the camera are accessible for servicing,
and can be removed easily in case replacement becomes necessary.

A single camera cable contains all the electrical connections to the
camera. It includes three 50-ohm coaxial transmission lines and 21
other conductors used for power, control, and communication. The
cable is unusually small in diameter (0.84 inch) and light in weight.

View Finder

Television cameras have been equipped in the past with a wide
variety of view finders, ranging from two screw heads used as rifle
sights, through wire frames and double-lens systems, to electronic
finders in which the scene is reproduced on small kinescopes mounted
beside or above the cameras. Each type has advantages, but no one
type has all the desired characteristics. In the cases of iconoscope and
orthicon cameras, the optical view finder employing a second lens iden-
tical with the camera lens has enjoyed the greatest popularity because
it not only serves to indicate focus, but is capable of including portions
of the scene outside of those actually being televised. This has been
considered important because the camera man can see and avoid un-
wanted objects before they intrude themselves in the picture.

In the case of the image-orthicon camera, the double-lens type of
optical finder becomes completely useless when the equipment is used
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under limiting low-light conditions. This is true because the image
orthicon can operate with such low illumination that the image on a
ground-glass screen is nearly invisible. Thus the electronic view finder
is the only remaining type capable of indicating both focus and the
outline of the scene. It has two distinct advantages over the optical
system. It is entirely free of parallax errors, and it provides an erect
image where a single-lens direct optical finder provides an inverted
image. The electronic view finder has a disadvantage in that it cannot
include anything outside of the televised scene.

The view finder designed to be used with the image-orthicon camera
employs a flat-faced 5-inch kinescope tube (type 5FP4) with about
7000 volts on the second anode. This arrangement provides a picture
with sufficient brilliance to be seen readily under bright ambient light.
The view finder is constructed as a separate unit to be mounted on top

Fig. 9 — Deflection-
amplifier side of the
camera and view
finder (internal
view).

of the camera. The two units are styled to appear as a single unit
when thus assembled.

The physical arrangement is such that the kinescope faces the
operator at the rear of the camera. The face of the tube may be shaded
with either of two types of viewing hoods. One of these includes two
mirrors in a periscopic arrangement which may be reversed so that
the operator’s eye level is either above or below the kinescope, depend-
ing on the height of the camera. The other hood provides a direct view
of the kinescope. A single cover opens on a hinge at the front, ex-
posing the entire internal assembly (see Figure 9).

The circuits include the picture and blanking amplifiers required to
drive the kinescope, and also the deflection generators and high-voltage
supply. The latter is a pulse type of supply associated with the
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horizontal-deflection circuit. Necessary controls are accessible at the
rear in line with the operating controls on the camera. All electrical
connections are made through a multicontact plug and receptacle (see
Figure 6).

An auxiliary view finder in the form of a polaroid ring sight may
be mounted on top of the periscope viewing hood (Figure 2), or, in
the absence of the electronic view finder, on the camera itself. This
ring sight produces a series of concentric spectral interference rings
which appear to be at a considerable distance in front of the sight.
Because they appear at a distance, the eye can observe the rings and the
scene simultaneously with a minimum of strain. This device is useful
in following action which moves too rapidly and too far to be followed
readily on the kinescope. Its usefulness is limited, however, because it
does not indicate either correct focus adjustment or the boundaries of
the scene. It is simply an aiming device.

CAMERA CONTROL

The camera control (Figure 1) is a unit which performs all of the
functions not already performed in the camera itself that are necessary
to the production of a complete composite picture signal. These func-
tions include:

1. Amplification of the picture signal to the standard level re-

quired for feeding outgoing lines.

2. Addition of kinescope blanking signal.

3. Establishment and maintenance of the peaks of the blanking
pulses at true “black” level.

4. Addition of the receiver synchronizing (sync.) signal in cases
where only a single camera is in use.

5. Monitoring of the finished picture signal to check the accuracy
of optical and electrical focus in the camera and the general
quality of performance of the camera chain by means of the
following :

(a) A picture monitor tube (kinescope) which reproduces the
scene being televised.

(b) A wave-form monitor tube (cathode-ray oscilloscope)
which shows the wave form of the picture signal and
measures the amplitude of this signal.

6. Controlling electrical focus and other parameters involved in
operation of the image-orthicon tube in the camera.

From consideration of these six functions it is apparent that the
camera control is necessarily a complex unit, for it inoludes all the
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circuits and components found in that part of a television receiver
which follows the second detector, also those required for a wide-band
cathode-ray oscilloscope, and, in addition, amplifiers, special circuits
and controls, and cable connectors required directly for operation of
the camera.

As indicated previously, the shape of the camera control is that of
a medium-size suitcase, the dimensions being approximately 8X15X24
inches (Figures 2, 10, and 11), and the weight about 65 pounds. The
chassis and case are spot-welded into a rigid, durable assembly. The
kinescope (type 7CP4), the cathode-ray oscilloscope tube (type 3KP1),
and the most important controls are mounted on the front end of the
case. All small tubes, capacitors, and transformers are mounted on one

Fig. 10—Field-camera control. Fig. 11 — Rear of camera
control.

side of the chassis, with wiring on the opposite side. Controls of second-
ary importance are mounted under a trap door in the top of the case.
Past experience and a good deal of thought have produced a chassis
layout which provides a maximum of accessibility for servicing, and
at the same time a system for rigid, vibration-proof mounting of com-
ponents which contributes much to trouble-free operation. A removable
metal cover protects the cathode-ray tubes and controls during trans-
portation. The two side panels or covers are easily removed by releas-
ing three cowl fasteners at the top of each, and lifting them from
three spring retainers at the bottom. All external electrical connections
are made through plugs and receptacles on the rear of the case (Figure
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11). This same general construction is followed in the other suitcase
units described hereinafter.

The circuits in the camera control include:

1. The picture amplifier, with stages for mixing kinescope blank-
ing and synchronizing pulses.

2. A picture amplifier for the monitor kinescope.

8. A picture amplifier for the cathode-ray oscilloscope tube (for
vertical deflection).

4. Deflection circuits for both cathode-ray tubes.

5. Distribution amplifiers for feeding driving pulses to the
camera.

6. A filament transformer.

7. A high-voltage transformer, rectifier, and filter for the cathode-
ray tubes.

8. Camera circuit controls.

9. “On-the-air” tally and intercommunication system.

10. Remote power control.

The picture amplifier consists of several stages of types 6AC7 and
6AGT tubes in conventional frequency-compensated circuits. One stage
in this amplifier performs the very important function of establishing
the peaks of blanking at “black level.” To do this, the control grid is
clamped at the end of each scanning line to an arbitrary reference
potential. Because the target in the image orthicon is blanked during
the scanning retrace (i.e., made sufficiently negative to repel the scan-
ning beam) the picture signal from the camera during this retrace
period is fixed with respect to black level, though it may vary con-
tinuously with respect to an arbitrary fixed reference because of the
addition of hum, power-supply surges, or other spurious signals. The
clamping action serves to set up a fixed relationship between the actual
black level in the retrace periods of the picture signal and the arbitrary
reference by connecting the control grid mentioned above to the refer-
ence potential through a very low impedance. At all times, except
during the retrace periods, the grid is disconnected from the reference,
and thus is free to follow the normal potential variations in the picture
signal.

An important by-product of this clamping action is the elimination
of the low-frequency components of any spurious signals, provided they
do not have sufficient magnitude to cause amplitude modulation in any
preceding stage. Hence, the clamp circuit removes power-supply surges
and low-frequency hum, and minimizes microphonics. In fact, it limits
the amplitude of any spurious additive signal to the amount which
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occurs in the period of one scanning line. (For a more detailed descrip-
tion of clamping, see the Appendix.)

Kinescope blanking is mixed with the camera signal just ahead of
the clamper. It provides undistorted, noise-free blanking intervals by
the addition of independent, carefully controlled pulses. Since this
added blanking is constant in amplitude, it does not affect the clamping
action in any way except to shift the constant relationship between
black level and the reference to a different constant value. After
clamping, the combined camera and blanking signal is clipped near
black level, thus producing a final signal in which the peaks of blanking
bear a definite relationship to black level. The clipper makes use of a
diode as a switch in series with the picture signal circuit. It depends
for its accuracy in maintaining black level on the clamping which pre-
cedes it. This clipper is somewhat more complicated than the usual
plate-current-cutoff type of clipper, but is justified because it cuts off
very abruptly and is almost perfectly linear in the neighborhood of
cutoff. (See Appendix.) A manual control (BLANKING) adjusts the
clipping level to any desired point near black level, and thereafter the
circuit maintains clipping at that level. Usually the clipper is adjusted
so that the peaks of the blanking pulses are slightly “blacker than
black,” thus assuring complete removal of the retrace lines in receiver
kinescopes.

DC restoring circuits maintain black level (or sync. peaks when
sync. is present in the output) on the grid of the kinescope and on the
grids of several stages where it is important to minimize distortion.

Deflection circuits for the kinescope are of the driven type. These
circuits are of the same general kind as those used in the camera de-
scribed previously, the only differences being in the deflecting-coil
design and matching transformers.

Seven electrical controls, grouped on the front panel, provide for
maintenance of proper operating conditions in the camera and asso-
ciated picture-amplifier circuits in the camera control during the pro-
gram. These are: (1) GAIN, (2) BLANKING, (3) BEAM CUR-
RENT (ORTH.), (4) ORTHICON FOCUS, (5) IMAGE FOCUS, (6)
TARGET POTENTIAL, and (7) MULTIPLIER FOCUS.

Only the first two of these require frequent checking during opera-
tion. However, the others are easily available to the operator at the
camera control without the need of distracting the attention of the
camera man, who is occupied with his normal duties. Location of these
controls in the camera control is particularly useful in the process of
making adjustments when a new image orthicon tube is installed in
the camera, because the number of adjustments to be made in the
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camera itself is reduced to a minimum. Controls of secondary impor-
tance, such as size and centering for the kinescope and cathode-ray
oscilloscope, are located under a small trap door on top and near the
front of the unit, easily accessible to the operator.

Plate current for all of the amplifier tubes is obtained from a
regulated power supply entirely separate from the camera control. A
power switch on the front panel of the camera control actuates a relay
in the power supply which, in turn, opens or closes the power-input
circuit for the entire camera chain.

POWER SUPPLY

The problem of providing the large amount of highly stabilized
direct current required for the large number of amplifier tubes in a
camera chain has been solved in a unique way in the field power supply.
The problem resolves itself into one of finding means to reduce the
weight of the unit to a point where
one person can carry it. The diffi-
culty may be understood when it
is pointed out that the total plate-
current drain in a single camera
chain is approximately 1 ampere at
285 volts, regulated within limits
of less than =0.5 volt. The regula-
tion does not constitute the major
part of the problem, but simply Fig. 12— (Left) Prewar design of
adds to it by increasing the total a forced-air-cooled power trans-
voltage required from the rectifier. former. (Right) New design.

The general attack on this problem was developed several years ago
in the design of portable television equipment for the type-1840 orth-
icon.t A very lightweight transformer with the core divided into sec-
tions, with large openings in the end turns of the windings and with
only a small fraction of the usual amount of iron and copper, was
designed to be used with a continuous blast of air through the open-
ings (Figure 12). This transformer, together with the blower and
motor, weighed less than 20 pounds, and the entire power supply, in-
cluding case, transformer, blower, tubes, and other components,
weighed only 58 pounds. This design achieved the required objective,
and gave reasonably good service in field use for several years.

In the field power supply for the image-orthicon equipment, a new

4 M. A. Trainer, “Orthicon Portable Television Equipment”, Proc. LR.E.,
Vol. 30, pp. 15-19, January, 1942,
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and much improved transformer has been developed by making use of
silicone enamel on the wire and glass fabric impregnated with silicone
varnish for insulation between layers of the windings. The core is not
sectionalized, and the windings are tight, as in conventional trans-
formers (Figure 12). The running temperature may be as high as
180 degrees centigrade without danger of deterioration. As a result
of this design, the over-all weight of the field power supply has been
kept the same as in the earlier model, and the reliability has been
increased.

New regulator tubes have made possible an improvement in effi-
ciency. The type 6AST7G, a heavy-duty twin triode with extremely low
plate resistance and the ability to dissipate 25 watts, is used for series
regulation. This is the same tube that is used as a damper in the
horizontal-deflection circuits. These tubes have appreciably less voltage
drop than other types previously used in such service, and hence are
more efficient. They also have very high transconductance, and there-
fore provide improved regulation control.

The rectifier is connected to a
two-stage choke-input filter using
electrolytic capacitors, through a
thermal time-delay relay which pre-
vents application of the high direct-
current voltage until all tube heat-
ers have attained operating tem-
perature.

A 6SL7GT tube functions as a

Fig. 13—Field power supply, tube two-stage control amplifier, and two
side. JD3/VR150 tubes serve as voltage

references.

The field power supply is capable of delivering 950 milliamperes at
285 volts continuously to the main load, and, in addition, 75 milli-
amperes to the focusing field coil in the camera. This latter supply is
current-stabilized so that changes in the resistance of the coil do not
change the current. Figure 13 is a side view of the field power supply,
showing the transformer housing, blower, and tubes.

The primary power circuit includes means for switching and meter-
ing of taps, so that a wide range of supply voltage may be accom-
modated. Provision is also made for metering currents and voltages in
parts of the output system.
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SYNCHRONIZING GENERATOR

The new field synchronizing generator, which is part of the image-
orthicon equipment, is designed on the same basic principles as earlier
models, but improvements and new features have been added which
make its performance the equal in every respect of that of the studio
type of generator. Equality of performance is obviously necessary,
especially in view of the increasing importance of field operations in
television programming.

The field synchronizing generator comprises two suitcase units
having the same size and shape as the field camera control. They are
called the field pulse former and field pulse shaper, respectively. These
two units generate four distinct signals for operation of the entire
television system, including the receivers. All four signals, though
different in wave shape, are accurately synchronized with each other
by being derived from a single primary frequency source. Two of these
signals appear directly in the composite picture signal which modulates
the radio-frequency carrier. They are “kinescope blanking’ and “syn-
chronizing” (or “sync.”), respectively. The wave shapes of these two
signals are specified completely in standards recommended by the Radio
Manufacturers Association.? The remaining two signals, ‘“horizontal
driving” and “vertical driving,” respectively, are simple pulse signals
used locally in the pickup equipment for triggering camera and monitor
scanning circuits, and for target blanking and clamp-circuit keying.

The principles underlying the operation of this generator have been
described fully in a previous publication.! No basic changes have been
made in the arrangement of circuits, but refinements have been in-
cluded to increase the stability of the primary frequency source and
also to improve the steepness of wave fronts in the outputs. Among
these, specifically, are a crystal oscillator which may be used in loca-
tions where the power supply frequency is unstable, an improved auto-
matic-frequency-control circuit for lock-in with a 60-cycle power supply,
an additional counter to reduce the maximum number of steps in any
given counter, and a cathode-ray-tube indicator to provide a means of
quickly checking the operation of the counters.

One of the two units includes a built-in regulated power supply,
thus making the synchronizing generator completely self-contained in

5 “Synchronizing Generator Waveforms”, a drawing compiled by the
Subcommittee on Studio Facilities of the RMA (revised, October 9, 1946).

8 A. V. Bedford and J. P. Smith, “A Precision Television Synchronizing
Signal Generator’, RCA Review, Vol. 5, pp. 51-69, July, 1940.



20 TELEVISION, Volume V

the two units. Separation of the circuits occurs at a point where only
three signals require connections between units. A single multicon-
ductor cable connects the pulse former to the pulse shaper. The only
input to the pulse former is alternating-current power. Output from
the pulse shaper is split in two cables, one a single coaxial line for
synchronizing signals and the other a multiple coaxial cable for the
other three signals. The two suitcases appearing in the lower right
hand corner of Figure 2 are the pulse shaper and pulse former.

SWITCHING SYSTEM

One of the most important operations in television programming is
that of switching from one camera to another. Switching must be
accomplished smoothly without either interrupting or disturbing the
receiver synchronizing, even momentarily. If precautions are not taken
to avoid surges in switching, it is possible that the sync. may be

: clipped later in the system during
the period of the surge. Some re-
ceivers are very sensitive to such
interruptions. Cases have been
known in the past where switching
surges have been so large as to
overload the transmitter and throw
it off the air. It is not possible to
experience such difficulties in prop-
erly designed television systems to-
day because means are used to
maintain constant black level at all
points where surges are harmful.
Since switching is likely to produce
surges, it is desirable to eliminate
them at this point. A successful
means for accomplishing this is the
clamp circuit which was described
previously in the section on the
camera control. This circuit re-
stores the picture signal to some
arbitrary reference level at the end
of each scanning line; i.e., during
the retrace or blanking period. It
is independent of anything that

S —— —
Fig. 14—Field switching system,
front side.
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takes place in the signal. Thus no surge can exist longer than the
period of one line.

The field switching system is a suitcase unit of the same shape and
size as the other units described previously (Figure 14). On the front
panel are located two sets of push-button switches, the lower one of
which provides for switching among four cameras and two auxiliary
picture circuits. Each of these buttons has an associated tally light
which operates in conjunction with tallies on the respective camera and
camera control selected by it. These six switches connect six coaxial
75-ohm lines, one at a time, to the input of the picture amplifier con-
tained in the unit.

The picture amplifier consists of three stages, the last one being

a cathode follower which feeds the picture line to the relay transmitter,

or a line directly to the main studio (75-ohm coaxial). A blocking

capacitor separates the line from the cathode, so that no direct current

. flows in the line. The grid of this cathode follower is subjected to the

action of the clamp circuit. Hence, no surges appear on the outgoing
line.

Two other coaxial lines also provide signal to other parts of the
system. One of these is connected to a line monitor, or field master
monitor. It is fed through a separate unity-gain amplifier contained in
the switching system. The input of this amplifier may be switched with
the upper set of push buttons to any of several points in the pickup
equipment. The second line may be used to feed an additional monitor
for the use of spectators or an announcer, or it may feed a stand-by
relay transmitter. All three output lines carry identical signals.

The synchronizing signal is mixed with the camera signal in the
switching system to form the final composite picture signal. The syn-
chronizing signal is supplied to the switching system directly from the
pulse shaper, and is coupled to the picture output line through a two-
stage amplifier. Thus, the synchronizing pulses are always transmitted
independently of the camera switching. In cases where picture signal
already including the synchronizing pulses is being received over one
of the auxiliary input circuits, the local synchronizing signal may be
disconnected by turning a special switch on the front panel.

Keying signal for the clamp circuit is derived from the sync. signal.
In cases where the incoming signal includes sync., the sync. is sepa-
rated, as in a receiver, and delayed so that keying is done on the “back
poreh,” i.e., on the peaks of blanking just following the sync. pulses
(see Appendix). In the usual case where the picture signal is received
from a local camera chain, sync. is not present at the clamped grid;
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hence it is not necessary to delay the keying in order to clamp at black
level. In either case, clamping is done automatically at black level.

Circuits are included in the switching system for communication
between the various technicians operating the equipment. Two sets of
telephone jacks are mounted in each camera, one for the cameraman
and the other for a program assistant stationed at the camera. Con-
nections for these telephone sets are included in the camera cable.
These intercommunication circuits all terminate in the field switching
system where the technicians operating the camera controls and
switching system, and the program director may connect their telephone
sets. Private telephone lines to the main studio also terminate here,
and may be connected to the local circuits. A variety of communication
network combinations may be secured with the set of toggle switches
on the upper front panel.

Each telephone set consists of a carbon-button microphone and two
earpieces. The microphone and one earpiece are used for the inter-.
communication circuits. The second earpiece is connected to a separate
circuit which carries program sound. Thus, each operator can hear the
program sound at all times, and get useful cueing information from it.

Power for operation of the telephone circuits is obtained through
a selenium-disk rectifier from the power lines, and is entirely inde-
pendent of the power for the picture-amplifier circuits.

FIELD MASTER MONITOR

A high-quality picture monitor primarily designed for studio ap-
plications has been adapted for use with the field equipment by the
design of a special carrying case. (See Figure 2.) This monitor con-
tains a 10-inch, nearly flat-faced kinescope with aluminum backing
(type 1816P4), and a 5-inch oscilloscope tube. The kinescope, which
operates at about 9000 volts, provides an exceptionally bright picture
suitable for program monitoring in high levels of ambient illumination.
The oscilloscope provides a large, clear trace of the outgoing picture
signal, and associated circuits include means for accurate calibration
of signal level. As indicated in Figure 1, the monitor is operated on
the same power supply as the field switching system.

The shape of the master monitor case is somewhat different from
the shape of the other suitcases because of the size of the tubes used.
However, the dimensions and weight are of the same order.

APPENDIX

Two unusual circuits which contribute to the satisfactory perform-
ance of the field equipment are described in some detail in the follow-
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ing paragraphs. One of them has been discussed in a previously
published article,” but will be reviewed here in the light of its direct
applications in this equipment.

Clamp Circuit

As applied in television, a clamp circuit is a device for establishing
an arbitrary reference potential at fixed and regular intervals on some
chosen circuit element in the picture amplifier. The operation of estab-
lishing such an arbitrary reference is very useful wherever it is desir-
able to restore the dc component of the picture signal, or, in other
words, to make the actual “black level’” in the signal coincide with an
arbitrary reference. The clamp circuit is capable of doing this with
an unusual degree of accuracy. It is a pulse-driven switching circuit,
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and is applicable only in cases where there are pulse intervals present
in the amplifier signal during which the switching operation can take
place. Since a television picture signal (having blanking pulses to
suppress the scanning beam during the retrace periods) is.of this type,
the clamp circuit may be used successfully.

The orthicon and image-orthicon tubes both employ low-velocity
scanning. Because of this, they generate picture signals which contain
accurate black-level information during the blanked retrace periods.
However, because these signals are generated at low level, the blanking
pulses, which contain the “black-level” information, may include noise
and other spurious components which make the pulses unsuitable for

7 C. L. Townsend, “The Clamp Circuit”, Broadcast Eng. Jour., February
and March, 1945.



24 TELEVISION, Volume V

blanking in the receiver. This condi-
tion is illustrated in Figure 15(a).

Ve To provide clean-cut blanking pulses
I@ in the final signal, it is customary
[ to add another blanking signal

(Figure 15(b)) at a high-level
point in the amplifier, giving the
result shown in Figure 15(¢c). Then
Fig. 16—Simplified schematic dia- this composite signal is clipped at

gram of clamp circuit. black level to give the signal shown
in Figure 15(d). To insure proper operation of the receiver, the clip-
ping must be done accurately at black level. Here the clamp circuit is
an indispensable tool. It is used to bring about a firm correlation
between the black level existing in the negative peaks of the camera
blanking pulses and the grid bias on the clipper stage of the amplifier.
It should be noted that the addition of a constant signal (such as the
blanking signal shown in Figure 15(b)) does not affect the accuracy
of the correlation between black level and clipper bias, but simply
shifts the bias to a new value.

A simplified diagram of an amplifier controlled by a clamp circuit is
shown in Figure 16. It consists of two amplifier tubes, V; and V,, with
a clamp circuit, consisting of the switch S in series with a small re-
sistance R, connected to the control grid of V, on which it operates.
Whenever the switch S closes, the grid of V, is established at the
potential of terminal P (which is the arbitrary reference potential),
provided that S is closed for a time interval that is long compared to
the time constant (R + R,)C,. This latter condition is necessary for
proper operation of the clamp circuit.

Assume that the camera signal of Figure 15(a) has been introduced
at terminal A in Figure 16, and the blanking of Figure 15(b) at
terminal B, but with polarities such that the resultant mixed signal
as shown in Figure 15(c) appears on the plate of V;. Now let the
switch be closed for intervals such as m—-m included within the peak of
each camera blanking pulse, and let it be open the rest of the time.

Vs

Fig. 17—Schematic diagram
of clamp circuit.
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Thus the grid of V, is established firmly at the potential P at each peak
of the camera blanking. The tube, V,, is made part of a clipper or
limiter, hence, when P is set at the proper value with respect to the
cutoff potential of the clipper grid, the clipping will take place at black
level.

In actual practice, the switch is a pair of diodes (contained in the
twin diode, V3) which are keyed on and off by equal pulse signals of
opposite polarity, as shown in Figure 17. These two pulse signals are
coincident with each other and also with the time interval m-m in
Figure 15(c). Thus, both diodes conduct simultaneously and provide a
low-impedance path for current flow to change the charge on C,. In
this case, the critical time constant is

Rp
R.+—+R])C
2

where R’ is the effective resistance of the signal source which generates
the keying pulses, and R, is the effective resistance of one diode. In
most cases, C; is made about 500 micromicrofarads and the total resis-
tance about 2500 ohms. Hence, the time constant of the circuit is
about 1.25 microseconds. Since the total keying interval is usually
about 6 microseconds, there is time for the charge on C, to approach
equilibrium.

In Figure 17, the reference potential is that which exists at the
midpoint of R;,. This may be deduced as follows. During the keying-
pulse intervals, both diodes conduct, and hence both terminals of R,
are at the same potential. Because of this conduction, the equal capaci-
tors, C, and Cj, receive opposite charges, each equal to the peak-to-peak
voltage of the pulses. During the intervals between pulses, the diodes
become nonconducting, and the charges placed on C, and C; cause a
current to flow in R,, producing a voltage drop equal to the sum of the
pulse voltages on the two capacitors. The polarity of the voltage is
shown in Figure 17. Since both the circuit and keying signals are
balanced, it is then apparent that the diodes always arrive at a single
potential during the pulse intervals which is the same as the potential
existing at the midpoint of R; during the intervals between pulses.
The time constant C,R; = C3R, is made very large compared to the
period of the pulses, so that the current in R, is small; hence the
charges on C, and C, remain essentially constant.

If R, is connected as a potentiometer, as shown in Figure 17, the
reference potential (at the midpoint) may be shifted with respect to
ground. For example, if the control is moved to the left, the midpoint
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becomes positive with respect to ground. This control is an effective
and useful means of adjusting the bias on the grid of the amplifier
tube, V,. Whenever the control is moved away from the midpoint, the
circuit becomes unbalanced, and difficulty may be experienced in main-
taining pulse shape, especially when the control is near one end of R;.
To minimize this effect, a resistor, R,, may be inserted in the ground
connection. Since the average current in such a resistor is always zero,
it may have a very large resistance. Use of this control in no way
disturbs the accuracy of the clamping action in establishing the grid
of V, at the reference potential (midpoint of R,).

The only path for charging current from the capacitor C; (in the
absence of grid current in V,), is through the clamp circuit. During
the open-circuit intervals in the clamp circuit, it is therefore impossible
for the charge on C; to change. Hence the low-frequency response of
the coupling circuit between V,; and V, is not attenuated even though
the capacitance of C, be made very small.

It is important that the keying interval m-m shall come to an end
before the end of the blanking pulse, so that the charge which is left
on C, will always correspond to black level in the picture signal, and
not to some other level existing in the signal after the blanking pulse.

A further consideration is necessary in determining the proper
value for the time constant

Ry
R, + -+ R\ c,

The peaks of the camera blanking pulses usually contain some high-
frequency noise signal originating in the low-level parts of the signal
system. The response of the charge on C, to the clamping action must
be slow compared to the period of the noise signal, in order to avoid
variations in the correlation between black level and the reference
potential. Black level may be considered as the average of the noise
signal. Hence the clamp must be slow enough to average out the noise.
Since the resistive elements are usually determined by the requirements
of the keying circuits, the value of C, is used to control the time con-
stant. Values cited previously have been found to work well in most
cases, though where the noise signal contains low-frequency components
it may be necessary to use a larger value for C,.

The chief advantage in the clamp circuit, as compared to other types
of leveling or dc restoring circuits, is the fact that its action is entirely
independent of the picture signal in the amplifier. It depends only on
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the keying pulses. These may be controlled at will with respect to
amplitude and timing. It should be noted that the amplitude of the
keying pulses is usually made about twice the amplitude of the picture
signal in the amplifier at the point where the clamp operates.

The ability to control the time at which the clamping is done is
sometimes of great advantage. For example, in the field switching
system, it is necessary to clamp the signal after the camera switching.
At the point where the clamping is done, it is necessary to accommodate
two types of picture signal: (a) from the cameras, in which case the
sync. pulses are not present, since they are added subsequently, and (b)
from an outside source which provides complete composite signal
including the sync. pulses. Clamping must be done on the same level

in both types of signal. Obviously,

summg, clamping canno.t be done on the

—BLACK —-hEVEL_ (q) peaks of sync. in case (a); hence,
FRONT POR _BACK PORCH it must be done on blanking peaks,
SYNC- or at true black level, which is

(p) DPresent in both cases.

r.--_-- Lo

(c) C

CUT-0FF R

] (d)
+ +

Fig. 18 — Derivation of keying Fig. 19 — Schematic diagram ot
pulses for back-porch clamping. differentiating circuit.

In case (b), the only available space on which the clamp may
operate at black level is that portion of the blanking pulse immediately
following the sync. pulse, commonly called the “back porch” (see Figure
18). Keying pulses are derived from the sync. by separation as in a
receiver, and subsequent forming. A sync. pulse after separation is
shown in Figure 18(b). This separated signal is fed to the grid of a
triode as in Figure 19. The capacitor C is made very small, about 20
micromicrofarads, and the grid leak R is connected to a positive voltage
source. Before the leading edge of the pulse, it may be assumed that
the grid is drawing current, hence is approximately at cathode poten-
tial. The positive excursion of the leading edge causes very little change
in the grid potential because of the low impedance from grid to cathode.
The resulting sharp exponential pulse is shown in Figure 18(c). After
returning to its original potential, the grid is excited by the trailing
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edge of the pulse in the negative direction. This excursion stops the
flow of grid current and also swings far enough to go beyond plate-
current cutoff, as illustrated. The signal voltage causes no further
change, but the positive voltage on the grid leak immediately starts to
recharge the capacitor C, and thus produces the positive slope shown in
the diagram. The rise in grid voltage stops abruptly as soon as grid
current starts to flow. The steepness of this slope is proportional to the
positive bias voltage, and inversely proportional to the value of R.
Hence the duration of this negative sawtooth may be adjusted by
changing either the positive bias or the resistance of R.

The pulse of voltage appearing on the plate of the triode is shown
in Figure 18(d). The leading edge of this pulse may be sloped a little
to acquire some delay, by making R, large and thus allowing the stray
capacitance on the plate circuit to integrate the slope. Further clipping
of this signal eliminates the negative “pip” caused by the leading edge
of the original pulse, and makes it suitable for a keying signal in a
clamp circuit to operate on the “back porch.”

Examination of the functioning of this circuit during the serrated
vertical pulse in the standard RMA sync. signal shows the formation
of keying pulses which are timed to coincide with the slots in the
vertical pulse. Thus keying of the clamp circuit at black level is carried
on with no interruption throughout the vertical sync. pulse.

Use of this type of clamp circuit in the switching system eliminates
surges introduced by switching, and also any surges and low-frequency
additive cross talk from other sources which may have been introduced
ahead of the clamping point. It further insures constant sync. output
under all conditions of varying picture signal by confining the sync.
pulses to a fixed portion of the e,—i, characteristic of the output stage.

Clipper Circuit

The clipping operation required in the process of correlating the
peaks of blanking pulses with black level, illustrated in Figure 15, must
be performed with rigid accuracy. In order to maintain the clipping
level with the necessary accuracy, it is imperative that the critical
electrode in the clipper stage be controlled by a clamp circuit, as de-
scribed in the preceding paragraphs. When, as is usually the case, a
sereen-grid tube is used as a clipper, it is further necessary to supply
current to the screen grid from a regulated source so that its potential
does not change with variations in the average brightness of the scene.
With these two precautions, any of the usual types of clipper will main-
tain the correct black level in the blanking pulses.

The clipper circuit used in the field equipment has unusual charac-
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teristics which merit description. It is a circuit which was developed
originally by K. R. Wendt? to overcome the inherent curvature near
cutoff in the plate-current-cutoff type of clipper. Such curvature in-
creases the gamma of the system. Since the orthicon type of camera
tube has unity gamma, and the average kinescope has gamma in the
neighborhood of 2, the resultant system gamma is higher than is ordi-
narily desired. Therefore, it is desirable to avoid increasing the gamma
at any other point in the system.

The basic circuit (Figure 20) includes a pentode amplifier, V,,
which has for its principal plate load a resistor R, in series with a
diode, V,. An additional load, R,, is connected in parallel with R, and
V4. R, is much larger than R,. The diode acts as a peak limiter, pre-

+'§z" CLIPPING LEVELI

) (BLACK LEVE-)-.E

+‘L‘b )

Fig. 20 — Schematic diagram of Fig. 21 — Characteristic curve of
linear clipper. linear clipper.

venting the flow of current in R, whenever its cathode rises above the
potential £,/2. The tube, V,, is the same as V, in the previous Figures
16 and 17, with its control grid connected to a clamp circuit. Both of
the supply voltages shown, £, and E,/2, are closely regulated and have
approximately the 2-to-1 relationship indicated. Under these conditions,
black level will correspond to some definite value of plate current in
V.. By adjusting the clamp reference potential (equivalent to adjusting
the bias on V,) to the proper value, black level may be made to coincide
with point B in Figure 21.

The curve A-B-D represents the normal e,—i, curve of V,. From
A to B, no current flows in R,, and hence i, =1i,. However, between
B and D, current flows in V, and R,, and hence i, divides itself between
R, and R,. Therefore, i,=1, + i, in this region of the curve. By proper

8 RCA Laboratories, Princeton, N. J.
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selection of the value of R,, it is possible to place point B (cutoff point
of the diode, V,) so that B-D covers the linear portion of A-B-D. Then
at all times the useful part of the picture signal swings only over this
linear part of the tube characteristic. The curved portion of the char-
acteristic from A4 to B is not used, and hence does not affect the gamma
of the system.

It should be noted that the cutoff of this circuit is extremely abrupt.
This arises from the fact that V, is a screen-grid tube having a very
high plate resistance. In other words, the flow of plate current is not
influenced appreciably when the external load resistance is changed by
the opening of the diode. Therefore, as i, approaches zero, the ratio
i,/1, rises very rapidly, and, since R, is large (about 20 to 30 times R.),
the potential of the cathode of V, also rises very rapidly, carrying the
diode abruptly through its cutoff region.

The diode limiter, V,, has one serious fault; namely, its plate-cathode
capacitance permits feed-through of unwanted parts of the signal —
particularly, steep wavefronts involving high frequencies. This trouble
may be largely nullified by the simple device of connecting a second
diode (available in any of the twin diodes) across the plate circuit of
V,, as shown by the dotted lines in Figure 20. By proper adjustment
of the bias control on this diode, it may be made to start conducting
at a potential just above the cutoff potential of the limiter diode, thus
causing a low-resistance shunt to appear across the signal source which
effectively “squelches” the signal and prevents feed-through.
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FILM PROJECTORS FOR TELEVISION*t
By

RALPH V. LITTLE, JR.

RCA Victor Division,
Camden, N.J.

Summary

Television will make wide use of 35-mm and 16-mm motion picture
film. The method of televising motion pictures using the storage-type
pickup device is described. Theater and television projection practice are
compared and methods of meeting proposed RMA Television Standards are
discussed. Recently designed 16-mm and 35-mm RCA television projectors
are described in detail.

(17 pages; 15 figures)

* Decimal Classification: Rb583.3.
+ Jour. Soc. Mot. Pic. Eng., February, 1947.



INTERLOCKED SCANNING FOR NETWORK
TELEVISION*}

By

JAMES R. DE BAUN

Television Department. National Broadcasting Company. Inc.,
New York, N. V.

Summary—The benefits of operating the scanning systems of two or
more independent television broadcasting plants in locked coincidence are
discussed. The problem of producing locked coincidence is explored, and
methods of achieving the desired result are indicated. Some of the possible
benefits of wusing stable (high inertia) frequency sources for scanning
systems are noted.

BENEFITS OF INTERLOCKED SCANNING

formation on the television broadcast signal was recognized by

the designers of early television plants, and the plants were so
arranged that no interruption of the synchronizing signal occurred
while switching between cameras or between local studios. However,
no means for maintaining this continuity of synchronizing signal has
evolved as yet for operational use when switching between local studios
and remote pickup points or network programs where independent
synchronizing signal generators are involved. To render less objec-
tionable the attendant loss of synchronizing signal at receivers when
such switches are made, it is usual practice to go to a dark screen
before the switch is made and to fade up from a dark screen after the
switch is completed. This allows time for synchronizing circuits in
the receivers to lock in on the synchronizing signal transmitted after
the switch before a picture reappears on the receiver, and hence the
resultant disturbance of the image due to the momentary loss of the
synchronizing signal is less noticeable. As an additional aid in bridging
this gap in synchronizing signal continuity, it is good practice to have
the 60-cycle components of the two synchronizing signals involved
phased for approximate coincidence.

If complete time coincidence between the two signals (local and
remote) could be maintained, it would be possible to preserve con-
tinuity of the transmitted synchronizing signal and thereby eliminate
the necessity of going to a dark screen during switching, or, of check-
ing and maintaining the vertical phasing of the two signals. From

THE desirability of maintaining continuity of synchronizing in-

* Decimal Classification: R583.13.
+ Reprinted from RCA Review, December, 1947.
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the standpoint of smooth program presentation, this is of importance
because it is frequently necessary to switch between the local and
remote pickups several times in the course of one program, particularly
when presenting commercial announcements. In addition, if the local
synchronizing signal is transmitted continuously on either the local or
remote picture signal (this requires processing the remote signal to
remove its synchronizing signal and adding the local synchronizing
signal) the receivers are fed a relatively more noise-free synchronizing
signal. Also made available between the local and remote signals are
lap dissolves, super-impositions and all other processes normally
available between local cameras or studios. As network television
broadcasting grows, the foregoing aids to smooth presentation of pro-
grams assume increasing importance. Therefore, an analysis of what
is involved in producing locked coincidence between a local and a
remote signal is timely.

REQUIREMENTS FOR PRODUCING INTERLOCKED SCANNING

Complete coincidence is required between the local and remote sig-
nal to achieve the above benefits, and coincidence must therefore be on
a line, field, and frame basis. This means that even fields must coincide
with even fields, etc., and in the final analysis that each line of the
525 lines in a frame of one signal must coincide with its counterpart
in the other signal. This complete matching is required before the
local synchronizing signal can be used on the incoming signal and com-
ply with FCC standards of transmission. If even and odd fields are
matched and line blanking in the two signals coincide, the local syn-
chronizing signal would align with the incoming signal as shown in
Figure 1, where one line frequency synchronizing signal pulse (local)
rests on the vertical blanking (remote), or one equalizing (2 times line
frequency) pulse (local) rests on the last horizontal blanking (remote),
or is lost in the video of the last line of alternate fields. When the
required complete coincidence is obtained, the lock applied to main-
tain the coincidence must be quite rigid. Any hunting permitted by
the lock would: first, render impossible the use of local synchronizing
signal on the remote picture signal and hence, continuity of synchroniz-
ing signal transmission ; and second, render ineffective the use of super-
impositions and lap dissolves. The only gain in using a loosely-locked
coincidence between the local and the remote signal lies in the fact
that the vertical components of the two signals will remain approxi-
mately in phase and therefore the tendency for vertical scanning at
receivers to lose synchronization momentarily following a switch will
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Fig. 1—Local synchronizing signal superimposed on a remote video signal

showing the two possible conditions, both mis-matches, which can obtain
when even vs. odd fields are locked in coincidence.

be reduced. Figure 2 serves to illustrate the coincidence required to
achieve the desired results.

METHODS OF ACHIEVING INTERLOCKED SCANNING

The block diagram of Figure 3 is an arrangement which has been
used in “On the air” demonstrations of the operation of two independ-
ent television plants under conditions of “locked coincidence.” While
admittedly an experimental arrangement, it served to confirm the
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Fig. 2—Local synchronizing signal superimposed on a remote video signal
showing the desired result which obtains when even vs. even fields are locked
in coincidence.
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possibility of realizing the benefits mentioned heretofore, and also to
demonstrate effectively the program possibilities during the hours when
election returns were coming in for a fall election, 1941. The regularly
scheduled program on that occasion was wrestling from a sports arena
via the Telemobile Unit. In the Radio City studios a camera was
focused on a black-board upon which election returns were recorded.
By using only the top of the black-board and by keeping the top of the
picture from the Telemobile Unit relatively clear of action (normally
the case) a superimposition of the election results upon the incoming
sports picture provided the latest election returns without interrupting
the sports event.
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Fig. 3—Block diagram of equipment used to lock the local synchronizing
signal generator with the incoming remote video signal.

Figure 4 is a schematic of the block diagram of Figure 3. The
synchronizing signal separator and line frequency pulse generator are
omitted, the former consisting merely of a conventional synchronizing
signal separator, which drives a line frequency blocking oscillator. The
line frequency sine wave generator has already been described.! The
continuously-variable phase shifter made use of a rotating magnetic
field and a pickup coil whose physical position could be advanced or
retarded without limit in the rotating field. At the time of the demon-
stration the most convenient equipment for accomplishing this result

1R. A. Monfort and F. J. Somers, “Measurement of the Slope and
Duration of Television Synchronizing Impulses,” RCA REVIEW, Vol. VI,
No. 3, pp. 370-389, January, 1942.
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was a small Selsyn unit. The circuit for deriving the three-phase excita-
tion for the Selsyn from the single phase output of the sine wave gener-
ator is shown in Figure 4. The resistance-capacitance components on
the first grid of two of the legs are chosen to get the desired shift as
indicated by the vectors. Following the continuously variable phase
shifter the sine wave is processed to provide the locking information
to the master oscillator of the local synchronizing generator. As
stated before, the lock must be quite rigid before the desired benefits
can be realized. In the demonstration referred to previously, the local
synchronizing generator was a standard commercial unit.? The master
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Fig. 4—Schematic diagram of equipment used to lock the local synchronizing
ing signal generator against the incoming remote video signal.

oscillator in this unit is of the negative transconductance type and
operates at twice line frequency. By trial and observation it was deter-
mined that control or lock of the desired degree of rigidity could be
obtained by injecting a pulse of twice line frequency into the first
grid of this master oscillator. Therefore, for the demonstration the
processing required was the conversion of the line frequency sine
wave output of the continuously variable phase shifter into twice line
frequency pulses. This was accomplished by the symmetrical clipping
of the sine wave to produce a symmetrical square wave which was in
turn differentiated. A push-pull input into grid current biased grids

2 A. V. Bedford and J. P. Smith, “A Precision Television Synchronizing
Signal Generator”, RCA REVIEW, Vol. V, No. 1, pp. 51-68, July, 1940.
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of two tubes, the plates of which were in parallel, provided the desired
result. An alternative and equally effective method would be the use
of an unfiltered output from a full wave rectifier driven by the con-
tinuously-variable phase shifter.

The method of coupling this double frequency ﬁu]se into the master
oscillator and of transferring the control of the local master oscillator
from the 60-cycle power frequency to the incoming video signal is also
indicated in Figure 4. No major modification of the local synchroniz-
ing generator was required, three clip leads from a relay clipped on
at the proper points and the lifting of the grounded grid cap to the
first grid of the master oscillator sufficing. However, it will be noted
that the 60-cycle power into the comparison circuit which normally
controls the master oscillator of the local generator was modified by
the insertion of a continuously variable phase shifter. The same style
Selsyn was used for both the 60-cycle and 15750-cycle phase shifters.
The reason for this modification to the local generator is apparent
when the task of securing coincidence between the two signals by the
use of the line-frequency phase shifter alone is considered. A maxi-
mum of approximately 2621, revolutions of the line frequency phase
shifter may be required if the control should be transferred to the
remote signal when coincidence between an even field of one signal
existed with an odd field of the other signal. It is much faster to use
the 60-cycle phase shifter for rough setting of coincidence, transfer
control, and finish the exact alignment of coincidence between the two
signals by means of the line-frequency phase shifter.

For checking coincidence, the pulse cross unit, which was described
in the paper on the sine wave generator,! provides an effective indi-
cator. The local and incoming signals are mixed and applied to the
pulse cross monitor and the phase shifters (60 and 15750 cycles) are
adjusted to secure coincidence of the two signals on the pulse cross.
Figure 5 shows blanking from one signal generator and synchronizing
signal from another. There is lack of coincidence in terms of both line
and field. Figure 6 shows coincidence for line but not for field.
Figure 7 shows odd vs. even field coincidence. Note that one line fre-
quency synchronizing signal pulse is sitting on the field frequency
blanking. Figure 8 illustrates the same condition except the line fre-
quency phase shifter has been rotated one revolution from the condi-
tion of Figure 7. Here an equalizing pulse is resting on the last line
frequency blanking preceding field blanking. Figure 9 shows even
field vs. even field coincidence.

Figure 9 is the same as Figures 7 and 8 except one signal is shif_ted
through 262% lines. Any hunting between signals is readily discerned
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Fig. 5—Pulse cross pattern photograph showing complete lack of coincidence.

Fig. 6—Pulse cross pattern photograph showing coincidence at line frequency
but nct at field frequency.

Fig. 7—Pulse cross pattern photograph showing odd vs. even field matching
(the last line frequency synchronizing signal pulse is superimposed on the
first line of the field frequency blanking.)
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Fig. 8—Pulse cross pattern photograph showing odd vs. even field matching
(the first equalizing pulse is superimposed on the last line frequency
blanking pulse.)

on the pulse cross. Variations in the width of the “front porch,” or
delay of line-frequency synchronizing signal with respect to line-fre-
quency blanking, are easily noted as shown in Figure 10.

The method and equipment outlined function satisfactorily and do
not require excessive time in aligning the two signals for coincidence
provided the continuity and stability of the received signal are good —
i.e., provided one alignment will suffice for the transmission. For regu-
lar operational use, a means of quickly reverting to independent sys-
tems would be mandatory to cover the contingency of momentary
interruption in the incoming signal. A means of automatically estab-
lishing coincidence and lock between the two signals as well as revert-
ing to independent operation would of course be a highly desirable

feature. : ;

The results obtainable from interlocked scanning will be enhanced
by the use of synchronizing generators that are not locked to local

Fig. 9—Pulse cross pattern photograph showing even vs. even field matching



40 TELEVISION, Volume V

Fig. 10—Portions of pulse
cross patterns showing vari-
ations in “front porch” or
in the delay of line-fre-
quency synchronizing signal
with respect to the line-fre-
quency blanking signal.

60-cycle power supplies, but which are controlled by high-inertia
frequency sources. The most obvious benefit from the use of high-
inertia systems lies in the fact that a momentary loss of the incoming
signal would not ordinarily produce the same discontinuity of control
of interlocked scanning that is inevitable with the system described.
In fact, it appears possible to provide high-inertia controls for indi-
vidual synchronizing generators of such excellence that appreciable
discontinuity in incoming signal can be tolerated before, from an
operational point of view, it would be necessary to sever the interlocked
scanning tie-in.

A disadvantage in using the high-inertia frequency control system
for synchronizing generator control lies in the fact that projector
motors in film studios could no longer be synchronously driven from
the local 60-cycle power.

CONCLUSIONS

The general direction of work toward one solution to the problem
of interlocked scanning systems has been indicated. The work done
has served more to show the nature and magnitude of the problems
involved than to provide a complete answer. The use of the incoming -
signal for control is indicated by the economics of the problem.
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NEW TECHNIQUES IN SYNCHRONIZING-
SIGNAL GENERATORS#*}

By

EARL SCHOENFELD, WILLIAM BROWN, AND WILLIAM MILWITT

Industry Service Laboratory, RCA Laboratories Division,
New York, N.Y.

Summary

A generator of synchronizing and blanking signals has been developed
in which the important pulse edges are established by means of a “stop
watch”, consgisting of a terminated artificial transmission line carrying
brief 81.5-kilocycle trigger impulses. The number of equalizing and vertical-
synchronizing pulses appearing during each framing interval is determined
by an electronic counter. The locked-in relationship between line and field
scanning frequencies makes use of the cascaded-binary type of frequency
divider wherein the divisor is established by the circuit connections rather
than the value of a circuit element. The resulting apparatus lacks most of
the screwdriver adjustments which usually have been associated with equip-
ment of its type.

(14 pages, 18 figures)

* Decimal Classification: R583.13.
t RCA Review, June, 1947.

SPECIAL APPLICATIONS OF ULTRA-HIGH-
FREQUENCY WIDE-BAND SWEEP
GENERATORS*t

By

JOHN A. BAUER

Engineering Products Department, RCA Victor Division,
mden. N.J.

Summary

Three unusual uses of wide-band frequency-modulated signal generators
are described. Instruments suitable for two uses immediately applicable to
televigsion receiver development are also shown.

These applications are as follows:—

1. Radio-frequency impedance measurements;

2. Owerall frequency response measurements of television re-
ceivers;

8. Microwave frequency measurements.

Practicality has already been demonstrated with resulting large labora-
tory and factory test time savings.

(12 pages, 7 figures)

* Decimal Classification: R355.913.2%R200.
1 RCA Review, September, 1947.
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SYNC GENERATOR FREQUENCY STABILITY
AND TV REMOTE PICKUPS#*t
By

W. J. PocH

RCA Victor Division,
Camden, N.J.

Summary

An analysis of the relationship of synchronized gemerator control and
field pickup setups in television is given.
(8 pages; no figures)

* Decimal Classification: R583.13.
+ Communications, July, 19417,

TRIPLEX ANTENNA FOR TELEVISION AND F-M*{
By

L. J. WoLF

RCA Victor Division,
Camden, N, J.

Summary

Method of using a single four-bay Superturnstile antenmna for simul-
taneous operation of an f-m transmitter and visual and aural transmitters
of a television station, with power gain of 6.4 for f-m and 5 for television.
Coupling between transmitters is negligible.

(4 pages; 6 figures)

* Decimal Classification: R326.6.
+ Electronics, July, 1947,



TELEVISION HIGH VOLTAGE R-F SUPPLIES*#

By
ROBERT S. MAUTNER} AND O. H. SCHADE}

Summary—The principles of operation and design of television high
voltage r-f supplies have been previously described.! These are here re-
viewed and considered in greater detail. Constructional features of two
typical units are shown and their performance is illustrated by curves indi-
cating the magnitudes of current and voltage obtained under typical operat-
ing conditions. Sample calculations for the specific cases of a 75-watt,
90-kilovolt supply and a 10-watt, 30-kilovolt supply are included to illustrate
the progressive steps in designing and calculating the circuit elements and
operating conditions for a specified performance. A table of the symbols
used is included at the end of the paper.

oscillator voltage developed across the primary tank circuit,
L,C,, is stepped up by the square root of the ratio of secondary
to primary impedances, and then rectified. Because of the high voltage
developed across the secondary, the principal portion of the network
loss occurs in this part of the circuit requiring a high unloaded imped-
ance for good efficiency. Such values of impedances are realized in
practical supplies by the use of special coil configurations, and a mini-
mum secondary tuning capacitance C,. This capacitance is the sum of
coil, wiring, and diode capacitances and is shown as a dotted capaci-
tance in Figure 1.
In the following, the design of each portion of the circuit for satis-
factory performance is considered in detail.

S- TYPICAL r-f power supply circuit is shown in Figure 1. The

DESIGN

The design of r-f high voltage supplies may be divided into six con
secutive steps:

1. Design the rectifier circuit and corona shielding

* Decimal Classification: R366 X R583.
# Reprinted from RCA Review, March, 1947.
N YT Industry Service Laboratory, RCA Laboratories Division, New York,

I Tube Department, RCA Victor Division, Harrison, N. J.
§ Throughout this paper, the abbreviation “r-f” is used for “radio-
frequency.”

! Schade, O. H., “Radio-Frequency Operated High-Voltage Supplies for
Cathode-Ray Tubes”, Proc. I. R. E., Vol. 31, No. 4, pp. 158-163, April, 1943.
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Fig. 1—Circuit of 4-kilovolt supply.

2. Determine the mechanical coil construction and compute the
optimum winding and operating frequency for the high voltage
coil

3. Estimate the required oscillator power; select the tube type and
operating constants

4. Calculate the plate tank circuit and choke, if used

Calculate the diode filament transformers

6. Determine the regulation requirements of the supply.

X

RECTIFIER CIRCUIT, CORONA SHIELDING, AND CAPACITANCE

The basic circuit for voltage multiplication with diodes is shown in

Fig. 2—Basic voltage multiplier circuit.
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Figure 2. This circuit is particularly useful for 30 or 90 kilovolt oper-
ation. The focusing voltage for projection kinescopes, which generally
runs about one-fifth of the second-anode voltage, can be conveniently
obtained from the output of the first rectifier. The bleeder power loss
is thus reduced to one-third of that otherwise dissipated in a bleeder
connected to the full output voltage.

The choice of the number of rectifier stages depends on available
rectifier types, the cost of circuit elements, and the impedance obtain-
able with practical high voltage coils.

The effective shunt load of the rectifier circuit on the tuned high
voltage circuit is given by

R’ = R/2n? (1)

Fig. 3—Side view of 90-kilovolt tripler.

where E is the direct-current load resistance on the rectifier output
terminals and » the number of cascaded rectifier stages.

For an output voltage £ = 90 kilovolts and I = 0.8 milliamperes, the

direct current load is R =110 megohms. The inverse rating of 60
kilovolts for the R6194A experimental diode requires m=3. Substi-
tution in Equation (1) results in R’ =6 megohms. Similar computa-
tions for a 30-kilovolt supply with » = 8, E = 30 kilovolts, and I =0.2
milliamperes result in R’ =8 megohms.
. Arrangement of parts and corona shielding for the 90KV tripler is
shown in Figure 8. The 90-kilovolt unit requires considerably more
elaborate corona shielding than the 30-kilovolt unit and will be treated
in greater detail.
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The minimum conductor diameter D (in inches) for a peak voltage
E (kilovolts) is the diameter for which corona does not occur before
spark-over occurs at a critical distance

D ~ E/100 for £ > 10kv (60 ~) (2)
It decreases faster for potentials £ < 10kv. The required minimum
spacing, i.e., the sparking distance between such conductors, is greater

than the spheregap distance and is given by

S~3D (3)

Fig. 4—Top view of chassis layout of 90-kilovolt supply.

For £ =90 kilovolts, D =0.9” and S = 2.7”. It is good practice to use
a somewhat larger diameter if feasible and provide spark-over clear-
ances of double this value (triple at very high potentials; see Figure 4)
to allow for the effects of scratches and dust particles on conductor
surfaces. This is particularly advisable where conductors are exposed
to, or at, r-f potentials as the power loss in air ionized by corona is
much larger than that at low frequencies and serious loading of the
power source results. All parts in the r-f fields as well as grounded
objects must be given contours with a minimum radius » ~ D/2. Inter-
connecting leads at 60-kilovolt potential in the 90-kilovolt unit are thus
made of one-half inch tubing while tightly wound phosphor bronze
spring sections of one-quarter inch diameter are used in the 30-kilovolt
unit. A clearance of 1.50 inches was used in this unit between output
socket shell and shield wall. This spacing is the minimum recommended
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and is a practical limit for safe operation, flashover occurring at
slightly over 40 kilovolts.

Having determined the physical layout of the diode circuit, an
estimate of its capacitance to ground is made to determine the second-
ary tuning capacitance C, of the high potential transformer winding.

The capacitance to ground of the circuit elements at r-f potential
in the 30- or 90-kilovolts tripler circuits consists of three diode capaci-
tances (3 X 2 micromicrofarad) and that of one condenser and two
corona shield assemblies to ground. The latter may be estimated from
its potential field contour which, for the 90-kilovolt unit, is similar to
that of two spheres of roughly 12 centimeters diameter. As the space
capacitance of a sphere is equal to its radius (in centimeters), the
diode assembly at r-f potential has roughly (12 + 6) micromicrofarad
capacitance. Adding 2 micromicrofarads for the coil shield and 3.5
micromicrofarads for the winding capacitance (discussed later), the
total shunt capacitance on the high voltage transformer winding of
the 90-kilovolt unit will be in the order of C, =25 micromicrofarads.

THE Hi1GH VOLTAGE SECONDARY CIRCUIT

The factors determining size, shape and type of winding used in
the secondary of the transformer are:

1. Potential between layers and sections,
Distributed capacitance,

Corona,

Coil loss and temperature rise,

Coil impedance,

Coupling coefficient,

Coil form loss.

5 62 BV = 59 [

To minimize coil capacitance and voltage between layers it is prac-
tical to subdivide the winding into sections consisting of universal
wound pies with five to ten turns per layer. Greater pie widths result
in high distributed capacitance and increased voltage stress across
layers. Narrower pies impose winding difficulties and result in weak
coils. The voltage between layers should be less than indicated by the
normal rating of the insulation inasmuch as the tendency of sections
at the high potential end of the coil to produce corona as well as in-
creased dielectric loss at r-f frequencies decreases the ability of the pie
to resist breakdown. Values not exceeding 250 volts peak between layers
have provided satisfactory operation. The space between pies should
not be stressed with more than 12.5 kilovolts (peak) per inch (approx-
imate double needle gap distance) to provide a safety factor for double
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Fig. 5—Coil data for several practical coils.

voltage transients. A 30-kilovolt coil should thus have a total pie
spacing of 2.4 inches. For a subdivision into 10 pies the clearance
between pies should thus be a little over one-quarter inch. Lower volt-
age coils such as those used in the 30-kilovolt tripler can be designed
with a somewhat greater safety factor, but are still subject to main-
taining a form factor giving high Q and permitting sufficient coupling
(see Figure 5).

The high voltage coil loss in r-f power supplies is a function of
coil size and circuit capacitance. Larger power supplies require a
high component-efficiency as high frequency power is relatively expen-
sive. An over-all efficiency of 40 to 60 per cent requires the distribution
of circuit losses as shown in Table 1.

Table I—Circuit E fficiencies.

30 kv-10w Power Loss 90 kv-72¢  Power Loss
Clecult Element E€ff. 8 Watts €ff. 3 Watts

Oscillator Tubes 70-75 6.5-8 75-80 30 -37.8
Primary Tank Circuit 94-98 1 -2 95-97 4.5- 7.5
High Voltage Secondary Circuit 65-75 6 -10 88-90 15 -18
Rectifier Filament & Plate Loss 95-97 275~ 1.5 90-95 7.5-1§

40-483 14.25-21.5 48-623 57 -718
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The overall efficiency of the 30-kilovolt tripler is less than 30 per
cent at normal loads because of the small amount of power used com-
pared with the power consumed in fixed losses such as that dissipated
in the secondary coil and the minimum oscillator input. Higher effi-
ciencies are obtained at higher load currents.

The figures in the second and fourth columns give design values.
The required coupling is discussed later.

The necessary tuned impedance Z;; of the secondary is given by

2 P,

Zy= (4)

where P, is power dissipated in that winding. To meet the require-
ments for the 90-kilovolt case (Table I) the r-f peak voltage E, = 30
kilovolts and the specified power loss required Z;; =25 megohms.

The secondary coil used for the 30-kilovolt tripler was originally
designed for a 10-kilovolt source, and resonated at approximately 280
kilocycles. When used in a tripler circuit the added shunt capacitance
resulting from the additional diode and circuit capacitance lowered the
resonant frequency to 180 kilocycles, reducing both coil @ and circuit
impedance. However, both factors remain high enough to permit suffi-
cient coupling for good regulation and satisfactory coil efficiency.
The measured secondary impedance was over 9 megohms. From equa-
tion (4) the power loss for a 10-kilovolt peak voltage is P, = 5.5 watts
which is within the rating of maximum dissipation (6.5 watts) for
this particular coil.

Optimum wire size and number of turns are determined by a series
of approximations. The coil inductance is given by

L =7:N?/[9r 4+ 10 (I + k)] 10® in millihenries (5)

where » = mean radius in inches
! = coil length in inches
h = pie height
N = number of turns
The frequency is computed with L and the estimated value C.

(C, =20 to 30 micromicrofarads) for the 90-kilovolt circuit and
C, = 17 micromicrofarads for the 30-kilovolt circuit from the equation

we? = 1/L202 (6)
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The r-f resistance is then computed from

r=r. (1+k )
with
0.04 Nnd® f
S
where 7. = direct-current resistance of winding
N = number of turns
n = number of strands
d = wire diameter in inches
l, h, from Equation (5)
Also
ol
Q=— (8)
and
Z =QoulL 9)

The current density in the wire is expressed in circular mils per ampere
of coil current, and should be

Circular mils/Ampere = 350 (1 + k?) (10)

The secondary current is obtained with

12 (rms) — Ez/sz \/_2 (11)

The approximate total copper cross-section is obtained in first
approximation with equation (10) and (11) setting k¥ =1. The coil
loss for several coil designs was calculated for the 90-kilovolt unit.
This data is summarized in Table II.

Table I1I—Coil Loss Data

kilohms

’ L] LI (“'” f (he)| W* fo r -y Q |2 tmeg) [ 1, (&) |com.7a]| P, (w)

1 | 2800 14 | 228 20 75 .31 194 | 254 107 422 45 .2 550 10
(10 pies) 61 .205 234 87 370 32 . 245 450 14

2 | 2000 20 [ 116 104 .62 98 | 159 76 477 36 .28 560 12.5
110 pres) [k .41 138 62 450 28 .34 460 16

32500 20 | 170 86 .65 122 | 201 92 456 42 .23 6685 10,7
110 p.es) 30 70 .43 175 75 428 | 32 .283 555 [

4 | 3000 20 | 250 20 1 .47 147 [ 215 112 520 58 .19 88g 7.8
{12 pres) 30 58 .31 192 91,5 | 475 43.5 .23 685 10.4
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The first trial calculation with 2800 turns of 14 X 41 Litz wire
happened to provide optimum design for its size as shown by a com-
parison with coils #2 and #3 using 20 strand Litz wire.

1t is interesting to note that the power dissipated in a coil is a
function of its size. This occurs as a result of being able to obtain
both higher Q’s by the use of more strands and higher inductance by
the use of more turns. Thus a larger coil results in a higher tuned
impedance and lower loss. However, if cost, physical size and other
reasons restrict coil dimensions, the alternative is to vary the strands
and number of turns, maintaining a constant copper cross-section (and
resultant coil size) until a compromise is reached between coil loss and
Q. If a fixed tuning capacitance is assumed and the coil resistance is
considered equal to r. regardless of frequency it can be shown that the
power loss P, will be a constant. The effect of reducing the number
of turns on a given coil to one half while maintaining a constant cop-
per cross-section would then permit operation with the same coil loss
at double the frequency, or 2f., the coil having half the inductive
reactance it had previously, and twice the Q. However, actually the coil
resistance will not drop to 25 per cent of its former value of r because
of added eddy current losses at 2f. and the net result will be a coil of
not quite 2Q. and of half the original value of w.L. It is, of course,
desirable to maintain the product of Q and oL as high as possible for
minimum coil loss, but a high @ is also necessary, in order to permit
sufficient energy transfer with obtainable coupling coefficients and
good regulation, and further permit adequate spacing between primary
and secondary for insulation.

Referring again to Table II it can be seen that a minimum coil loss
requires a larger coil (#4). Coils #1 and #2 have about the same
copper cross-section. It will be seen that loss in inductive reactance by
using 20 strand Litz is not compensated by a proportionate rise in Q,
resulting in a lower tuned secondary impedance. Even where coil size
is slightly increased as in coil #8 by adding 50 additional turns per
pie, the loss will still exceed that of coil #1.

Coil #1 will operate at 60 to 75 kilocycles depending on the exact
circuit capacitance C,, the degree of coupling, and the frequency to
which the primary circuit is tuned.

The impedance of the secondary circuit will be somewhat lower
than the computed value because of dielectric losses in the coil capaci-
tance. The coil capacitance can be calculated from the capacitance
between the two layers of one pie winding, which is approximately
1200 micromicrofarad (area 14” X 8”, spacing 0.004", dielectric £ =3).
As one pie has about 35 layers of 8 turns, its capacitance is 84 micro-
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microfarads and ten pies in series will then have 3.4 micromicrofarads.
The reactance of this capacitance at 60 kilocycles is 1/wC,=0.75
megohm. The impregnating compound must be of excellent quality as
a 0.5 per cent power factor results in a shunt resistance loss of
200 X 0.75 = 150 megohms, which is equivalent to a 3-watt power loss
at 30 kilovolts. The power factor of the insulating material should be
excellent and the field strength low (long supports) to avoid power loss.

During early development of secondary windings, various types of
coil forms and materials were tried. Many of the materials used, nor-
mally considered good insulators, showed considerable dielectric loss
and a resultant heat rise. Even in cases where the coil form loss was
low, the relatively poor thermal conductivity of the material used did
not permit the heat generated by the copper loss to be dissipated
rapidly enough, and again overheating resulted. In some cases the
process was regenerative, the coil form power factor becoming progres-
sively worse as the temperature rose, producing still greater losses.

Fig. 6—Secondary coil form construction.

Consequently it is advisable to keep the coil form material in the field
of the coil to a minimum and to provide as much air circulation around
the pies as is practicable. Slotted thin wall impregnated paper bakelite
tubing has been found to be one of the most satisfactory materials
available, as well as one of the most economical. Figure 6 illustrates
one satisfactory type of construction. For low voltage supplies hori-
zontal coil mounting is preferable from the standpoint of air circula-
tion (provided the coil is not placed too close to a metal surface).
However, vertical mounting is generally used because of conveniences
in wiring and greater adaptability to space requirements.

It will be noted that the calculated magnitudes of Q in Table II are
quite high. For several reasons, it is not feasible to use the conven-
tional Q-meter to measure these values. The frequency at which we
are interested in the @ is close to the self resonant frequency of the
coil so that in any series circuit such as used in a Q-meter the coil
appears as a partially resonant circuit in series with the tuning
capacitance rather than an inductance. Furthermore, the minimum
value of capacity setting in the usual Q-meter is in the order of 30
micromicrofarads which is greater in most cases than the total second-
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ary circuit capacity. Consequently the operating Q of the winding is
most easily determined by adding sufficient high Q capacity to produce
resonance at the desired frequency and then determining the frequency
band required for the 70 per cent response points. Because of the very
high impedances involved it is necessary to drive the secondary coil by
means of a few very loosely coupled primary turns in order to prevent
coupling an appreciable amount of generator impedance into the sec-
ondary. This will, of course, transfer a proportionately smaller amount
of energy into the secondary and result in lower magnitude of detected
voltage. A practical method of detecting the 70 per cent response
points without the use of a vacuum tube voltmeter or other normally
satisfactory “high impedance” device (which in this case would pro-
duce excessive loading and detuning) is through the use of a high
gain oscilloscope and test probe. The input impedance of a typical
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Fig. 7—Efficiency curves for class C operation.

probe may be equivalent to 5 or 10 micromicrofarads in shunt with 10
megohms. If this is placed about a half inch away from the secondary,
negligible loading will result and a more accurate value of measured Q
will be obtained. It is necessary that all other windings be removed
from proximity to the secondary during this measurement or the
loading effect of induced capacity currents in the coils coupled to it
will result in incorrect readings of response points. When a tap at a
small fraction of the total coil inductance is available it can be used
with a high impedance oscilloscope probe to provide a further check
of the @ value obtained from the first measurement. A signal generator
with an incremental frequency dial graduated directly in small per-
centages of the output frequency has been found useful in permitting
rapid and precise measurements to be obtained.

OSCILLATOR SPECIFICATIONS AND OPERATING CONDITIONS

In order to obtain high efficiency and high power output, the
oscillator tubes are operated under class C conditions. In Figure 7
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curves are given indicating efficiencies obtainable for bias values up
to several times cutoff. Figure 8 shows the ratio of peak to average
plate current plotted against the ratio of actual bias to cutoff bias.
Operation at high bias and high excitation results in small angles of
flow, high efficiency and low power output. High grid driving power
is required which in an oscillator must be supplied from the plate
circuit. The ratio of peak to average currents at high efficiencies rises
rapidly imposing greater emission requirements and increased tube
drop. Optimum performance is obtained with angles of flow between
90 and 120 degrees and peak to average plate currents in the order

of 6 to 1.
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Fig. 8—Ratio of peak to average currents for various angles of flow.

The computations involved in designing an oscillator circuit of the
90-kilovolt unit are typical of those used for all r-f supplies and are
considered in detail.

On the basis of a 50 per cent overall efficiency (see Table I) the
oscillator power input is 150 watts. For 80 per cent tube efficiency the
power output is P. = 120 watts and the tube loss 30 watts.

A circuit (Figure 9) using four 807’s in parallel was chosen because
of the low cost and low power supply voltage required by these tubes.

From an inspection of Figures 11 and 12 (see pages 64-65) it will
be noted that operation at 80 per cent efficiency requires in general

a) E01=2Eo°°; (12)
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with E;,/E, =0.1and I,/1, = 4.5
or
b) E¢y =8 Eegy;
with E',,/F, = 0.14 and I,/1, = 5.7 (13)
As the peak power input is

]
!
[}
-
—= 90KV
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£ oo
= Ny
C,» 500t 008
It
OPERATING DATA (MEASURED) i :-.-
loma |Eep |t £ 3 Tme I :
93 mov 26ma|-97V | 98.XV ] : :
L 2p0 | 330y | g¥ma | -mav | a7y | o8 ll :
i
13 ]
-
1004 =100 KV
Fig. 9—Circuit of 90-kilovolt tripler.
the above equation gives
B,, = 675 watts or 870 watts (15)
with the peak plate current
1, = P;,,/Eb (16)

The four 807’s operated at E, = 600 volts must supply peak currents
a) I, =4 X 0.28aat E;, = 60 volts
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or

b) 1,=4X0.362¢ at E,;, = 84 volts

Case (b) can just be realized as shown by the plate characteristics
for 807’s under the following operating conditions:

E, =600 volts E, ~ —90 volts
E,, =250 volts + E,, = + 15 volts

(positive grid swing)

1,=0.36 ampere 1,, = 25 milliamperes 1., = 15 milliamperes
The d-c plate current is

I,=1,/6.7 = 63.2 milliamperes (factor for E, = 3E.,,)
The d-c screen current:

I,, ~ 1,,/5 = 5 milliamperes

ésee I,,2 =f (¥,) from characteristic curves)
For four 807’s the total B current Iy is therefore

114y ~ 250 milliamperes
Iog(4y ~ 20 milliamperes

Iz ~ 270 milliamperes

The d-c grid current:

-

I, ~1,,/8.8 = 1.7 milliamperes (factor for £,/+E, = 6)

600 — 25(
Each screen grid is fed by a series resistor R,, = — = 70,000
005
ohms. For the purpose of adjustment, it is practical to use 30,000 to
50,000 ohms per tube and a common 10,000-ohm adjustable resistor.

The common grid resistor is

90
R,= ——— =~ 13,200 ohms
4 X 0.0017
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The power output of the tubes into the plate circuit is

P,= (E, X I,) X efficiency = 120 watts an
and the plate load:
R,=(E,—E,u)¥2P, (18)
R, =5162/240 = 1100 ohms

These computations can be summarized for the 30-kilovolt tripler
as follows:

From Table I average fixed losses are 16 watts. The power output
is 10 watts and is the sum of the power dissipated in the bleeder load
(2.6 watts) plus high voltage output (7.5 watts). If an oscillator effi-
ciency of 73 per cent and an overall efficiency of 40 per cent is assumed,
the power input will then be 25 watts.

For E, =3FE.,; with E,,,,/E, = 0.22

then 1,/I, = 5.7

and the peak power input is

Py = (1,/1,) P,,= 143 watts

and
1, =P, /E, = 0.44 ampere

Two 6Y6G’s operated at 325 volts must supply peak currents of
I,=2X0.22 q¢ at E,,, = 75 volts

Summarizing and from inspection of 6Y6G characteristics:

1,, = 25 milliamperes 1,, = 17 milliamperes E.,, =— 20 volts
I,,z = T milliamperes I;, = 1.38 milliamperes E, =— 60 volts
+E, =+125

The grid power dissipated is 83 milliwatts.
The d-c plate current is

1, =1,’5.7 = 38 milliamperes (for E, = 3E.,,)
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For two 6Y6G’s the total B current is therefore

I, ~ 76 milliamperes
I,, ~ 14 milliamperes

Iz =90 milliamperes
The series screen resistor is

E,—100
R,, = ————=232,000 ohms
0.007

The grid resistor is obtained from
R,=E,/I,= 44,000 ohms
The power output to the plate circuit is
(Ey X I,) X efficiency = 18.3 watts
and the plate load

R, = 254?/36.6 = 1800 ohms

COUPLING, PLATE LOAD, AND TUNING

The transfer of energy between two coupled circuits depends on
the existence of a common electro-magnetic field. As a percentage of
the total flux, it is expressed as the coupling factor K. For purely
inductive coupling

K=M/V'L, L, (19)

where M is the mutual inductance. The uncoupled or leakage-induc-
tances can be cancelled by the series capacitances C; and C,, i.e., by
tuning the circuits. The reaction of the secondary circuit on the pri-
mary circuit causes changes in its series impedance. Its series resis-
tance changes to

r=r+Try (20a)

and its inductive reactance to

~
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le = le - Txu (20b)

where 7; is the total series equivalent resistance, and z;; the series
reactance of the secondary circuit. 7" is a transfer factor depending
on coupling, frequency and series impedance z;; of the loaded secondary
circuit. It is given by

T = ?M?/2;2 = M2/ [ + (0L — 1/0C>)?%] (21)

RESISTANCE TRANSFER AND COUPLING

T has its largest value T'(,, when the secondary circuit is in reso-
nance, as the denominator is then reduced to 7%

Ty= “"21‘40’/7112 (22)

Resonant or near resonant conditions in the secondary circuit are
obtainable by changing the frequency o, that is by varying C, of the
primary tank circuit.

With Equation (19) and Equations (22) and (20a) one obtains an
expression for the minimum coupling coefficient K (4 required to obtain
a specified series resistance r;” in the primary tank circuit tuned for
resonance of the secondary circuit:

1 1 1
ey T(EE)
Qll, QI, QI

(DL]
where Q; = — (Q value of primary tank circuit without load)
Ty
le
Qy = — (Q value of loaded tank circuit; see Equation 20(a))
r’

(Z; in parallel with R’)
Qu' =

sz

(Qy¢ is the Q value of secondary circuit with rectifier load R’; see
Equation (1))

K, is then the critical coupling necessary to reflect the proper shunt
load to the oscillators under full power output conditions.

For the 90-kilovolt supply and selecting F', = 65 kilocycles (see Table
II): Q;~ 400 (A small loss in C, is to be expected.) The design will
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be for: @,"=10 and

(35 in parallel with 150 in parallel with 6)
. megacycles megacycles ‘megacyclesl
Z, R
Q u, = = 53
.093 megacycles

(This is the Q value for max. load)
where: 35 megohms is shunt coil loss at F = 65 kilocycles
150 megohms is shunt impregnant loss

6 megohms is effective load
The minimum coupling is with (23), therefore
K, =0.043

This coupling will transfer the power to the secondary circuit but
will give very poor regulation. It is the condition where the desired
energy transfer occurs, and the primary is tuned so that maximum
voltage at full load is produced across the secondary. Under these
conditions the reactance z; is tuned out and Equation (20a) reduces to

r =1+ oMYr, (24)

Any reduction of the load (decrease of r;) results in an increase
in r/, a lower shunt primary impedance, and higher oscillator power
output. This results from the tendency of the oscillator to maintain
a constant voltage amplitude across the primary tank circuit for mod-
erate variations in load. The increased power supplied results in a
rapid rise in secondary voltage.

Good regulation requires that

K = 5K, (25)

By adjustment of o, i.e., by tuning the primary, the transfer factor T
in Equation (21) can be made to equal T,, in Equation (22) so that

proper energy transfer results.

For K/K,=5 we may write the requirement:

r’ =7+ [(6uMo)?*/ (ry* + 211%) ] 7y (26)
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In order to maintain the same magnitude of coupled resistance to the
primary under full load conditions, the term (7,2 + z;;2) must increase
so that ry? + 22 = 25r;2 max. This necessitates an operating condi-
tion where the magnitude of the coupling factor is determined by the
residual reactance left in the secondary circuit at oscillator frequency,
rather than by its resistance r;; max. Operation under such conditions,
i.e., off resonance as far as the secondary self-resonant frequency is
concerned, introduces a coupled reactance to the primary which is given

by

Zy; =~ 57 max 27

which follows from the fact that »; is in quadrature and has little
effect on amplitude of the transfer factor when Equation (27) is true.
The denominator in Equation (21) varies less than 4 per cent for all
values of secondary resistance between no load and full load.

Equation (26) can then be replaced by:

(5oM,)? oM, ]2
r'=rn+] ——— |rpu~n+ i (28)
xll’ 711 max

where the bracketed term is constant. A reduction of the load 7;; now
causes a reduction of r;. The oscillator power is thus transferred to
the secondary in a manner similar to that occurring when a 100 per
cent coupled transformer is used.

The required coupling K ~ 5K, may be computed with the aid of
Equation (23). Should this coupling be unobtainable, the value @,
may be increased by reducing L;. This will result in better regulation
but at the expense of additional primary power loss.

The coupling can be increased by connecting L, in series with L,
a8 shown in Figure 9, which gave K =0.285. A slight decrease in
spacing increases K considerably (K = .25 for S decreased by 12 per
cent), and serves as a practical coupling adjustment. The coupling of
a finished transformer is checked by measuring the frequency differ-
ence AF between the peaks of the two resonant responses, as K ~
AF/F, This check must be made with the primary tuned to the fre-
quency w,. This is the frequency of the secondary circuit measured with
C, =0. The primary circuit is then tuned to v, as indicated by equal
frequency deviations AF/2 of both peaks. Figure 10 shows this case
(curve 4) as well as the operating condition (curve 7). The test circuit
is indicated. The response curves of Figures 10 and 11 do not give
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direct information on the voltage output under oscillating conditions,
for which the primary voltage (not the current) is maintained nearly
constant.

REACTANCE TRANSFER AND PRIMARY CONSTANTS

The reactance of the primary circuit is increased by the transferred
series reactance z;; when the reactance of the secondary is capacitive.
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Fig. 10—Frequency characteristics of 90-kilovolt circuit (rectifiers not
heated) for primary tuning conditions 1, 4, and 7 shown in Figure 11.

This is the desired operating condition, the circuit oscillating at the
lower coupling frequency «;, with the secondary operating at a some-
what higher frequency than that obtained when equal primary and
secondary tuning is used, but still below its self-resonant frequency o,.
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For this operation, and K = 5K, the inductive primary circuit reactance
is given by

“’Ll = “’lLl + KK0012L1L2/T11 max (29)
which can be derived from (20b) with

T = [@1M,/T11me=1"T11

by substituting
Ty = 51‘" maz? m12M02 = K02w12L1L2, and K= 5K0'
Factoring L, results in L, =L;/(1 + KK Q") (30)

It is now necessary, to determine «; in terms of »,, K, K, and Qy,
so that a value of L, can be computed from L; (effective primary
inductance including effect of coupled secondary reactance).

The oscillator frequency o, is given by
0 /o,=1— (K/2K,Qy") (31)

which can be computed with the aid of Equations (25) and (27) by
substituting

, @l
nm =
Qu’,
and setting Az = x41/2.

For the specific example F, = 65 kilocycles, K =0.21, 2K, = 0.086
and Qu'o =53

wy/w, =1— (0.21/.086 X 53) = 0.954

F; = 62 kilocycles
and Ll = 0.675 Ll
The tank circuit is to be designed for a full load value @;" = 10. Then

le = Rp/Ql’ . (32)
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Substituting B, =1100 from (18), and F =62 kilocycles, a value of
oLy =110 is obtained and w,L, =74.5 ohms. L, is then 190 micro-
henries. The necessary tuning capacitance is

C; =1/w,%L; = 0.0233 microfarads. (33)
AL, Y T

- =4 or +
;1 90, *" Sy " N 2T 2U-K)
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. L< ey
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Fig. 11—Secondary output curves for various operating frequencies.

Figure 11 shows the envelope curves and relative amplitudes of
corresponding coupling frequencies F'; and F', obtained with constant
grid excitation of the oscillator tubes (from a separate source) as a
function of the primary tank tuning capacitance C,. For the case where
C, =0.04 microfarad (points 2) the lower peak F; (53.5 kilocycles)
produces a relative output of -¥Y, = 0.58 and the upper peak F, (69 kilo-
cycles) produces an amplitude Y, =0.92. Operation at the lower
frequency, near the peak of the curve (points 7 or 8) requires a smaller
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tuning capacitance C; than operation at the higher frequency peak
(points 2 to 3). Self-excitation by feedback from the secondary wind-
ing causes stable oscillations at the preferred frequency F; with normal
feedback coil polarity (as if the secondary circuit did not exist).
Operation at F', obtains upon reversal of the feedback coil polarity but
causes lower tank circuit efficiency and somewhat poorer regulation.
These relations are shown in vector form in Figure 12. The voltage
induced in the secondary lags i; by 90 degrees, and that induced in

C

1 M Mutuol between L, ond L,
Mg ® Mutual between L,ond Ly,

FETE ] 1T ]| ee miewar voitage induced by ip. {11
I | T 11 #4® Induced sec. volts due fo ;. mi
ruEEE g Ty lee S y current. nus
e | | ;l iy * Primory current thru L, I
I FEEEE SN RO § R 1 - i

B e s REas bacadRRis: '

Fig. 12-——Vector diagram of oscillator phase relations.

the tickler will either lead or lag ¢,, the secondary current, by an addi-
tional 90 degrees. When K > K, and the tickler is inductively coupled
to the secondary, oscillation can occur at either of the two peaks de-
pending on the sign of the mutual inductance between tickler and
primary. When o; <o, (the preferred condition), i,” will lead the
induced secondary voltage e,. Inasmuch as the voltage vector e, must
lie in the third or fourth quadrant for oscillations to occur, the tickler
voltage e,” = —jwM,i,” is the effective vector for producing oscillations.
Reversing the tickler with v; < w, results in the vector +joM,i,” which
has no component in the direction necessary for oscillation. Operation
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at wy > w, will occur when the tickler is reversed. Reversing the direc-
tion of winding of the secondary has no effect as the signs of the
mutual inductances between primary and secondary and between
secondary and tickler are changed simultaneously.

Another phenomenon, not normally encountered under the usual
conditions of oscillator operation, has resulted in a particular method
of obtaining feedback. In the conventional oscillator circuit, the tickler
winding is coupled to the primary and is so connected that the mutual
inductance of the proper sign for oscillation is obtained. If a loaded
tuned circuit of approximately the same frequency as that of the
primary circuit is now tightly coupled to the primary there will be two
new frequencies at which the primary tank circuit is substantially
resistive. It is now assumed that the oscillator is operating at a fre-
quency «; which is below the self-resonant frequency o, of the second-
ary, and the primary self-resonant frequency is above w,. As the
primary is tuned still higher in frequency the frequency of oscillation
will approach o, the output voltage will rise, and the loading on the
primary will increase. A point will finally be reached at which the
reflected load resistance is so high that insufficient primary tank
impedance for continued oscillation will remain. At this point the
oscillator frequency will “jump” to a higher frequency at which the
primary tank is again sufficiently high to again permit oscillation.
However the coupled secondary resistance will now be smaller and the
resultant oscillator loading considerably less. If the primary is now
tuned lower in frequency, the coupled resistance will again increase
until a point is reached where the same condition of instability results.
The oscillator will then readjust its frequency as described.

Thus, it can be seen that if the oscillator is tuned past a stable
operating point and then turned off, it may start in its second mode
of oscillation, where it possesses greater stability but does not provide
the desired output voltage. This is obviously an undesirable operating
condition. Ollendorf? has shown that this instability results from an
abrupt increase in oscillator loading and has quantitatively analyzed
the effect for various magnitudes of coupling and tuning directions.

Coupling the tickler to the secondary avoids such instability as the
grid excitation increases with higher secondary voltages. While a jump
in frequency will not be experienced with this arrangement, oscillator
loading will increase with detuning in the normal manner. The smaller
power supplies described including the 30-kilovolt tripler use this
method of obtaining excitation. The 90-kilovolt unit obtains most of

2 Ollendorf, S., DIE GRUNDLAGEN DER HOCHFREQUENZ.
TECHNIK, J. Springer, Berlin, Germany, 1926 (pp. 393-411).
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its excitation in this manner, a smaller part being supplied by the
primary to tickler coupling.

Proper tuning with operation at w; results in a decreasing high
voltage with increasing values of C; and vice versa. Variation of C,
causes a variation of the transfer constant and provides thereby an
adjustment of the reflected oscillator plate load, and the high voltage
output.

CALCULATION OF THE 90-KV PRIMARY COIL

A power loss of n per cent requires the ratio of the tuned impedance
of the fully loaded primary to the unloaded primary to equal n. Thus:

n=R,/QL, and Q:=0Qy/n (34)

For n=23 per cent (see Table I), Q for the primary circuit with
Equation (34) is:

1 =10/0.33 =333 (35)

The magnitude of oL, can be obtained from (29) and (30), and the
desired value of Q; from (35), giving a value of r. The direct-current
resistance 7, (see Equation 7) can then be estimated, substituting a
value of 1 for k% The safe value of 1000 circular mils/ampere (Equa-
tion 10) is assumed to be satisfactory for a first trial to estimate the
wire size from the circulating tank current. The peak voltage £, =
(Ey, — Egy,) =516 volts causes the root-mean-square tank current

I, =516/wL; V2 = 3.3 amps, and results in a wire size of 1000 X 3.3 =
3300 circular mils.

If #38 litz (15.7 circular mils) is chosen, the wire should have
3300/15.7 =200 strands for a first approximation. The litz wire
diameter is roughly 50 per cent larger than that of the equivalent bare
solid wire (#15), i.e., Dgg =~ 0.085 inches. This wire will wind with
12 turns per inch.

For good coupling to the secondary, the tank circuit coil should not
be too long and its diameter only as large as required by spark over
distances to the high voltage winding.

A table can now be constructed with values for these coils with
different strand numbers (see Table III), computed for F'; = 63 kilo-

Table I1I—Primary Coil Data

L, tat
o] N | Layers| 1 a LN S o I T ; "T‘I Iy | Ip%e, [xva (1)
v

“| 0.2 ~|200](180 1.1 0.13 |0.27| 71| 260 1410 ]3.32] 3.00» 1.
~10.24~ | 250 | 175 |1.16] 0.11 0.24| 63 [ 290 | 460 [ 3.3a | 2.65« o
0.3 1330 ]180 1.9 0.09 |0.22[ 71 320 [ 500 | 3.3a] 2.42» 1.

32 3
32 3
33 3

~
—[]o
w | |0
NN TN

[\
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cycles (Equation (30) and (31) gave L, =190 microhenries and F, =
62 kilocycles. For the purposes of the table exact values are not essen-
tial.) In order to determine the errors involved in the previous substi-
tutions, Coil #2 is a good choice, having a power loss of only 2.65 watts.
Coil #3 was calculated and built since litz wire with 330 strands was
available for tests.

The plate feed choke should carry only a small percentage of the
tank current, as it is not coupled to the secondary circuit. For a 5 per
cent current it should have an inductance

Lyon) Z 20L,.

For the previous example L ¢y, = 20x.28 = 5.6 millihenries.

8+
B+2323y

Fig. 13—Circuit of 30-kilovolt tripler.

While it is desirable to use shunt feed for convenience in tuning,
added losses and expense are incurred, and series feed has been resorted
to in the smaller units. Note that the primary tank current does not
flow over the bypass condenser (Figure 13).

FILAMENT TRANSFORMER DESIGN

The energizing current for the filaments of the diode rectifiers can
be conveniently obtained by either the use of a one- or two-turn loop
inductively coupled to the primary of the transformer, or by resonating
the capacity current through the diode in the primary of a step-down
transformer. The former method is preferable for low voltage supplies
using one rectifier. Where a number of rectifiers are used the physical
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layout would result in long filament leads with added insulation prob-
lems and capacitance. In this case the latter system is preferable.

When a one- or two-turn loop is used, the size of the loop and its
position in the energizing field can be adjusted until inspection of the
rectifier filament indicates proper operation. Accurate adjustment is
facilifated by comparison with a similar rectifier tube fed from a
60-cycle source.

A typical filament transformer assembly is shown in Figure 14 (90
kilovolts). The computations involved in calculating filament trans-

TRIMMER, APPROX. S00 fo
1000uuf max. 600v. w.V.RMS

K1
S
wrS e L

;\

TOTAL
APPROX. .002 pt

Pr.= 350T. (7x4l) L} Smh
Sec 50138 3 turns

K& .8

Q. in shield 2 40

-
8 It NOTE: Bakelite tubing
and coil shield fo have

| ten Y4inch noles around
'E" periphery for ventilation.

Fig. 14—Typical filament transformer assembly.

former performance are best illustrated by the following examples.
For all cases the equivalent circuit is that represented by Figure 15.
The line current (i,) is given by

Erm
X,

iy = (87

Where X, is the diode capacitance (plate-to-cathode) and E,,, the r-f
voltage across the diode. The transformer efficiency of n specifies the
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power and resistance ratio for parallel circuits

R, 7
_——— (38a)
Ry 1—7)

where R, is the equivalent coil loss resistance and R, the equivalent or
reflected useful load resistance in shunt with the parallel-tuned circuit
resistance. The ratio of the circuit @ with a load to that without load
is given by:

Q/Q=1—n (38b)

Reftected vakies ot ) L k2 %,
secondary resistonce

Diogram volid for Q' >8

R, * Equivolent coil shunt loes.
K » Coupling coefficient
Ry® Diode resistance (filoment)

Fig. 16—Equivalent circuit of filament transformer.

It should be stated that the following expressions for the transformer
design are based on the requirement that the loaded Q value (Q,”) of
the primary circuit must be

Q,/ > b. (88c)
inasmuch as the reactive currents cancel out there is a division of the

constant current i, between R, and R,. The fraction of current pro-
ducing useful power output is therefore given by i,"=1i;9. Hence

Ry = P,/is*? (39)
and with Equation (88)
P,
Bi=— (40)
(1 —n)i?

provided the LC circuit is in resonance with the driving frequency o,
ie.
C= 1/w’L (41)



TELEVISION R-F SUPPLIES ()]

In the equivalent transformer circuit Figure 15 the reflected load re-
gistance (n,/7n,)2R, is shown in shunt with the coupled inductance
(K Ly). For Q values > 5 it is reflected across the tank circuit as the
equivalent load resistance

1 n 1
R, = <— X —-) Rg (42a)
K mny

the bracketed term being the effective transformer ratio. Substituting
Equation (39) and P, =1,2Rg, it follows from (42a) that

2 P 1,°R
_l.xﬁl_ Ry = c 21 (42b)
K =n, Wit iy

The turns ratio for a given coupling is thus

n,  Kip
—_—= — (438)
Ny Lot

This equation shows that higher values of coupling indicate a
greater required turns ratio. In general it will be found that there are
two values of K which will give the same secondary current. In one
case the reflected shunt load will be considerably less than the tuned
tank impedance, the efficiency will be high, and the voltage drop across
the tuned primary slightly higher than that obtained for a condition
of perfect match with a loss-free transformer. In the second case the
reflected shunt load will be higher than the unloaded tuned tank
impedance and more power will be wasted in the transformer than is
developed in the load. This, of course, will result in poor efficiency and
an excessive voltage drop across the tuned circuit. The rectifier peak
charging current will be unnecessarily limited and poorer regulation
will result.

The inductance value can be obtained from the following expression

P,
L=——m- (43b)
7(1 — ) Qqui,?

which can be derived from the previous equations.
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A typical transformer calculation will be illustrated for the 90-
kilovolt case where the following data are given or assumed:

K=10.6 P,= 2 watts Q, = 40 (assumed)
o= 390,000 1, = 1.25 amperes 1, = 10-12 milliamperes

Calculations should be made for the lower ¢; to provide a safety factor.

The turns ratio, inductance, and loaded Q can be computed from
Equations 43a, 43b, and 38b respectively. These results are shown in
Table IV.

Table IV—Filament Transformer Data

10 ma 12 ma

Nl Nl

n% Lmh N—, Lmh N—’-

85 10.1 88 7. 73

75 6.9 100 4.8 84

65 5.65 115 3.94 96

55 5.1 136 3.56 114

n=0.,75 n = 0.65

) Nl . Nl
Q Q Lmh ——N, Q Lmh _N,
40 10 6.9 100 14 5.65 115
50 12.5 5.5 100 17.5 4.54 115
60 15 4.6 100 21 3.77 115
70 17.5 3.9 100 24.5 3.23 115

The inductance value used is arbitrarily chosen to be about 5 milli-
henries as this will result in a coil which is not so large that its Q is
adversely affected when it is placed in the corona shield. Powdered
iron cores permit higher values of @ and inductance to be obtained.
Higher efficiencies, smaller coils, and better couplings result.

The turns ratio, inductance, and other data for the 30-kilovolt
tripler filament transformer follows:

Q,=50 L, = 5.6 millihenries

Coupling = 0.4 Diameter of form = 34"
Tuning capacitance = 22 micromicrofarads (for partial resonance)
Primary turns =500 #10/41 Litz

Secondary turns =20 #15/38 Litz
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Fig. 16—Diode conduction.

The relatively high frequency used in an r-f supply permits the use
of a simple economical filter circuit. This circuit generally consists of
a pi section resistance-capacitance (R-C) combination with the output
capacity being formed from the shield to center conductor capacitance
of the second anode supply lead. Inasmuch as the time constant of the
filter condenser-load resistance combination is long compared with the
discharge period between successive r-f pulses, the output voltage can
be considered constant, and will have the value K’E,,, (where K’ is a
percentage of the peak voltage E,) for a given load. This is shown
graphically in Figure 16. The diode conduction angle can be derived
from the equation ¢°=2cos 1K’ (44)

The magnitude of ¢ for various values of K’ has been computed
and listed in Table V.

Figures 16 (a) and 16 (b) show the relation between the conduction
time and the diode peak to average currents. The equivalent average
diode current is determined by the ratio of the total time to conduction

Table V—Rectifier Data

v o2 Y 360 2k | % 2« 3e0| T 360n
v k) |72, "=k ) v | T 2y
995 | 5.75| 11.50 | 31.3 | 398, 12420. 49,
.99 8.1 | 16.2 | 22.2 | 207. 4400, 35,
.98 | 1.5 | 23.0 [ 15.65 | 100. 1560. 24.6
97 | 1a.1 | 282 [ 12.75 | 65.9 827. 20.
.96 | 15.25 | 32.5 | 11.1 48.3 522. 17.5
.95 | 18.2 | 36.4 9.9 37.9 378. 15.6
94| 20. 40. 9. 30.4 283. 14.2
92 | 23.1 | 46.2 7.8 22.9 178. 12.3
90 | 25.9 | si.8 6.95 | 18. 124, 10.9
.88 | 28.4 | s6.8 6.35 | 14.5 92.7 10.
86 | 30.7 | 61.4 | 5.87 | 12.3 84.5 9.25
84 | 32.9 | 65.8 5.5 10,5 57.6 8.65
82 | 34.9 | e9.8 5.16 9.1 47.0 8.1
.80 [ 36.9 | 73.8 4.88 8.0 39.2 7.65
78| 38.79 | 77.5 4.65 7.05 32.8 7.3
76 | 40.9 | 81. 4.45 6.32 27.8 e
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time for a cycle, (T/Ty¢). If this factor is multiplied by »/2, a ratio
of peak to average current is obtained which, for sinusocidal diode
currents, is a sufficiently close approximation for all practical purposes.
Hence: t/I =aT/2Ty (45)

where T/Ty = 360 degrees/y degrees (for sine waves) or T/Ty =
Tyu/Ty = Ty X 180 degrees/Tp X ¢ degrees (for surge pulse voltages)
T,/ T is the ratio of the total time of one cycle to the time duration of
the surge pulse.

The energy delivered by the source during Ty must equal that dis-
sipated during T. Thus equating the direct-current to alternating-
current power TE?/R, =Ty (K'E,)* 2R’ (46)

The equivalent alternating-current load R’ during Ty is therefore
R’ =TyR, /2T 4am)

Replacing the diode load in Figure 17 by R’ it is obvious that the volt-
age ratio (1—K’) E,./K'E,,=Z,/R’, and R"=K’/(1—K’) Z,. With
Equation (47) this furnishes R,/Z,=2K’'T/(1—K’) Ty (48)

which is the ratio of the direct-current load resistance R to the effec-
tive series impedance Z,, Computed values for this equation are given
in Table V. Rectification efficiency E/K’E,, and the peak-to-average
diode current ratio i,/7 can thus be plotted as a function of the resis-
tance ratio R;/Z,, as shown in Figure 17.

The impedance Z, of the tuned circuit source is its surge impedance

1
Z,=VL/C=wL=—— The energy delivered by the tuned circuit
o
occurs at a time when no energy is being supplied to the tank circuit
by the oscillator, as shown in Figure 18. During the diode conduction
time a series combination of the diode resistance and the input filter
capacitance is shunted across the tank circuit. The relatively large
power supplied during this short interval has the effect of “braking”
the normal flywheel characteristic of the tank circuit, slowing the fre-
quency of oscillation, and producing phase delay of the tank current.
During the next half cycle the oscillator will deliver sufficient energy
to compensate the tank for the power delivered to the rectifier circuit,

plus the normal tank circuit losses, resulting in a gain in phase.

The curves in Figure 17 are based on the relation oCE = 500, which
should still hold when the last stage of a voltage multiplier circuit is
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Fig. 17—Rectifier conduction curves.

connected over a number of series filter condensers.

In r-f supplies the effective filter capacitance C, forms a voltage
divider with the diode capacity, the ripple voltage being largely deter-
mined by the ratio of these capacitances. To prevent this voltage from
causing excessive power loss in the output filter condenser, its capaci-
tance should be large compared to the diode capacitance.

The effective series impedance Z, of the 90-kilovolt circuit is given
by V'L/C = 95,000 ohms. The 110-megohm direct-current load of the

tripler circuit can be reduced to parallel diode circuits with equivalent
direct-current loads carrying the normal direct current for the same
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= Fig. 18—O0scillator-rectifier circuit power relations.

total power dissipation, as shown in Figure 19. For the diode D, operat-
ing singly on one half cycle R, /Z, = 378 and from Figure 17 i/I =15.6.
The rectifier efficiency for D, is E/E =0.95. Thus a regulation of
about 5 per cent of 30 kilovolts or 1.5 kilovolts may be expected from
the diode D; which conducts during one portion of the positive half
cycle. During a portion of the negative half cycle diodes D, and D,
conduct reducing the effective direct-current load to 18.3 megohms.,
R;/Z, will be 193 indicating a regulation of approximately 7.5 per cent
from these diodes. This is equivalent to a 2.25-kilovolt drop for the 30
kilovolts from each diode. Adding these three output voltages, a loss
of 6.0 kilovolts (or 6.7 per cent of 90 kilovolts) is obtained. In the
previous derivations the diode resistance has been neglected. However,

/KN

3
'E'/.i- 36.7 Moy
3

K110 Meg

W:o.s Meg

Fig. 19—Equivalent rectifier load circuit.
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if this is large it should be added to the series generator impedance.

The oscillator tank circuit voltage is reduced during the time that
it delivers power to the rectifier circuit, and is restored to its original
value during the time that energy is supplied to the tank from the
oscillator. The data in Figure 17 are based on constant oscillator effi-
ciency. Actually the oscillator efficiency changes as a function of the
load. The difference in oscillator efficiency between no load and full
load is easily calculated. It is approximately 8 per cent for the 90-
kilovolt circuit and this difference represents the power diverted from
the tank circuit to tube loss. The corresponding primary voltage change
is equal to the square root of the efficiency change. Therefore the
_ oscillator regulation for this particular case is approximately 4 per
cent. . g o
The overall total regulation will then be in the order of 10 per
cent at 800 microamperes.

MISCELLANEOUS OPERATING DATA

After constructing a supply in which the oscillator tubes are oper-
ated close to their maximum ratings, it may be desirable to check plate
dissipation more accurately than is possible by estimating many circuit
losses. In this case the operating data should be taken and the oscil-
lator then disconnected and operated as a driven class C amplifier under
the identical voltage and driving conditions. A plate load consisting
of a single tuned circuit of known Q plus an added shunt resistance
adjusted for the same plate current should replace the step-up trans-
former and associated circuit. A determination of actual power nor-
mally delivered to load plus all other dissipative elements is thus read-
ily made, and actual tube dissipation easily calculated.

Excessive power input for the desired output can result from losses
which are not readily apparent. The point at which these losses occur
is most readily determined in the higher voltage supplies as heating
progresses more rapidly due to greater energy dissipation. It is
advisable to keep as much material as possible out of the field of the
high voltage secondary even though such material is normally consid-
ered a good low loss insulator. A number of the plastics show rapidly
increasing power factors with rising temperatures, resulting in a cumu-
lative tendency toward breakdown. The importance of the impregnant
used for the high voltage winding. has been previously considered.

Several of the supplies have been built on plastic bases in order to
simplify insulation problems, and reduce capacity and eddy current
losses. The spacing used for the outer shield is determined by spark
over, and secondary capacity loading. Close shielding of the secondary
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Fig. 20—Circuit of 30-kilovolt unbalanced doubler supply.

lowers its impedance, requiring greater oscillator current, and may
cause increased corona difficulties.

The lead to the first diode from the top pie of the secondary should
be large in diameter to avoid corona. It is advisable to start this lead
at the center of a plane drawn through this pie. Any considerable
mass in the field of the coil will become excessively hot after short

114000 ppt
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Fig. 21—Circuit of 10-kilovolt supply.
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periods of operation, indicating the desirability of very thin walled
tubing or preferably a closely wound spring. The latter arrangement
is convenient for making connections and has worked satisfactorily.
Another cause of excessive oscillator current is the rectifier shunt
loss occurring as a result of glass bombardment by cold emission on
the inverse cycle. The 1B3GT tube will provide proper operation in
the 80-kilovolt tripler, and the R-6194 in the 90-kilovolt supply.
Radiation from a supply can be largely reduced by proper filtering
of the power leads, and by the use of full shielding. Ventilation must
be supplied for the oscillator tubes and has been provided in most of
the models illustrated by the use of holes punched in the shield near

e 90 0o o D e —— - — e e e

|11'r“r'rr1| L TR 1!'1 |L'I'\|. 1['1'1.‘11,'
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Fig. 22—Side view of 4-kilovolt supply.

bases and tops of the oscillator tubes. A close mesh screen is used over
these holes, and an internal baffle placed between the tubes and the r-f
transformer to minimize stray fields.

It has been found that the temperature rise can be considerably
reduced by painting the inside and outside of the coil housing black,
permitting better heat radiation.

Filament and high voltage output leads use polyethylene insulated
wire. In order to minimize excessive voltage stress at the junction of
the wire insulation and its shield, rounded corona-free fittings are



80 TELEVISION, Volume V

sweated to the shield at these points. These fittings also serve to anchor
the wire shield tightly to the housing.

The type of resistor used for a bleeder must be carefully selected
and particular attention given to its voltage rating per unit. In gen-
eral more resistors will be required than indicated by their normal dis-
sipation rating. This is caused by a change in resistance under high
voltage stress and is another cause of excessive oscillator current under
“no load” conditions. This may occur under actual operating condi-
tions even though measurement of the bleeder with the usual low-
voltage ohmmeter shows a normal value of resistance.

The circuits of the various supplies are given in Figures 1, 9, 13, 20,
and 21. Photographs indicating the general layout and construction are
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Fig. 23—Regulation curve for 90-kilovolt supply.

shown in Figures 3, 4 and 22. Regulation curves are shown in Fig-
ure 23.

A summary of coil data for several practical coils is given in
Figure 5.

TABLE OF SYMBOLS

R’ effective shunt alternating current load on the secondary
R direct current load resistance

R, total effective plate load resistance

r’ total effective series resistance of loaded primary circuit
ry series loss resistance of primary circuit

i total effective resistance of secondary circuit with any load
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total effective resistance of secondary circuit with maxi-
mum load

equivalent shunt loss of primary circuit

equivalent shunt load resistance on primary circuit
filament load on secondary of filament transformer
power dissipated in primary coil

power dissipated in secondary coil

peak power input

average power input

power dissipated in secondary circuit

operating frequency

self resonant frequency of secondary circuit

lower coupling frequency

upper coupling frequency

value of primary tank circuit Q without load

value of secondary tank circuit @ without load

are respective Q values of loaded circuits
transformer transfer factor

transformer transfer factor at resonance
rectification efficiency

coupling factor

minimum or critical coupling of coupled circuits
eddy current factor

reactance of primary coil

effective inductive reactance (series) of primary circuit
primary coil inductance

gecondary coil inductance

peak secondary voltage

minimum plate voltage

parallel resonant impedance of secondary circuit
series impedance of secondary circuit

primary tuning capacitance

secondary tuning capacitance

number of cascaded rectifier stages

dielectric constant

total effective series secondary reactance at the operating
frequency

rectifier filament current

transformer efficiency

NoTE—In general, capital letters indicate shunt values, as R, R, and
lower case letters, series values, as 7.
Peak values are indicated by a circumflex: P,,, ;.
Average values are indicated by a horizontal bar: £, R



TELEVISION RADIO-FREQUENCY TUNERS#*}
By

ROBERT F. ROMERO

Industry Service Laboratory, RCA Laboratories Division'.
New York, N. Y.

Summary—The assignment of geven television channels in the 200-
megacycle region in addition to the lower-frequency pre-war channels
introduced new problems in the design of television radio-frequency (r-f)
tuners. The purposes of this paper are to discuss in general the require-
ments of r-f tuners, some possible ways of meeting these requirements, and
to describe »-f tuners developed at the Industry Service Laboratory.

In a high-frequency channel-switching circuit, the switch uged is an
important part of the device. The residual capacitances and inductances
of the switch and the complexity of the switch structure determine to a
large extent the circuit used. Because of its availability, a standard twelve-
posgition wave-change switch was used. This allows the selection of any
eleven of the thirteen television channels. Only standard tube types and
components available in quantity were considered in the design of the r-f
tuners herein described.

GENERAL REQUIREMENTS

tially the same electrical properties as a tuner for any other

g- TELEVISION radio-frequency (r-f) tuner should have essen-
type of receiver. The more important of these characteristics

are:

(a) Low local oscillator radiation,

(b) Good spurious-signal rejection (image and intermediate fre-
quency (i-f)),

(¢) High signal-to-noise ratio,

(d) Gain,

(e) Low oscillator drift,

(f) Good match to antenna transmission line and balance to ground.

OSCILLATOR RADIATION

Oscillator radiation from one receiver can cause severe interference
with neighboring receivers. Interference possibilities from this source
with an i-f frequency of 21-28 megacycles are shown in Table I.

At the present time in the New York City area there are in use a

* Decimal Classification: R583.5.
+ Written in March 1947.
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number of low intermediate frequency, pre-war television receivers
without an r-f stage. Because of this, these receivers are in some cases
causing interference on channel 4 when tuned to channel 2 and on
channel 5 when tuned to channel 4.

In the absence of a suitable multi-grid television mixer, it is neces-
sary to use common grid injection. It is apparent, therefore, that it is
mandatory to provide isolation between antenna and mixer to shield
the antenna from the injected oscillator energy.

Pentode R-F Amplifier Buffer

A suitable tube type for an r-f amplifier is the pentode, operated
with grounded-suppressor and screen. A typical pentode has approxi-
mately 0.01 micromicrofarad capacitance between plate and grid, so
that with three volts of oscillator energy on the plate and 300 ohms in
the grid circuit there should appear 11 millivolts on the grid at 200
megacycles.

Triode R-F Amplifier Buffer

A cross-neutralized double-triode, such as the 6J6 or the 7TF8, may
be used as a push-pull r-f amplifier. To be as effective a buffer as a
pentode, the neutralizing condensers must be adjusted to approximately
0.01 micromicrofarad, or for the 6J6 to about 0.75 per cent. Another
complicating factor is that the degree of neutralization is a function
of signal frequency due to residual inductances in the tube and in the
capacitors themselves.

Neutralization of a triode reduces the coupling only for push-pull
or balanced voltages. It will increase the coupling for unbalanced com-
ponents of oscillator energy. It is therefore important that circuits
using a neutralized triode r-f amplifier be very accurately balanced if
oscillator radiation is to be reduced to a low value.

In addition to the oscillator energy fed back directly through the
r-f tube, there is radiation from the oscillator tank and from the
chassis. By shielding the entire r-f tuner unit, it is possible to reduce
the radiation directly from the oscillator tank to a negligible quantity.
It is much more difficult to reduce the radiation from the chassis. This
radiation is caused by oscillator ground currents flowing in the chassis.
The ground currents arise from three sources: (a) part or all of the
return path for the oscillator current being in the chassis, (b) oscillator
current return from the mixer grid to the oscillator, (¢) current in-
duced in the chassis by the oscillator magnetic field. The first source
of chassis current can be eliminated by single-point grounding of the
oscillator. There is no practical way of eliminating the latter source
other than double shielding of the r-f unit.
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Table 1
A. I-F Interference (21.5-27.5 megacycles)!

i-f megacycles Sources of Interference
21.5-21.7 International Broadcasting
25-27.2, 27.5-28 Fixed, Mobile, Government
21.7-25 Fixed, Aeronautical

25 Standard Frequency Transmission
27.2-27.5 Industrial, Scientific, Medical

B. Image Intelrferencel

Image Frequency

Channel No. megacycles Sources of Interference

1,2 93-109 FM Broadcasting, Television and FM Re-
ceivers?

3 109-115 Ranges, Localizers, Television and FM Re-
ceivers?

4 115-121 Ranges, Localizers, FM Receivers?, Airport
Control

5 125-131 Aeronautical Mobile

6 131-137 Aeronautical Mobile, Government

7 223-229 Amateur, Government

8-13 229-265 Government

C. Direct Interference from Local Oscillators of Television Receivers
(i-f 21.5-27.56 megacycles)

Channel Receing Interference Interfering Channel

b
6
11
12
13

€O 00 =3 0 DD =4,

! Data taken from Frequency Allocation Chart dated July 1945, prepared by
RCA.
2 Refers to local oscillator radiation from these receivers.

OSCILLATOR

With an intermediate frequency of 21.25 to 21.75 megacycles fo‘r
television sound, the local oscillator frequency varies from 71.5 mega-
cycles for channel 1 to 109.5 megacycles for channel 6, and from 201.5
megacycles for channel 7 to 237.5 megacycles for channel 13.

If the television receiver has a sound channel 200 kilocycles wide,
there is a margin of 75 kilocycles on either side of the center frequency
of the sound with 25-kilocycle deviation. Obviously for this case it is
desirable that the drift be less than 75 kilocycles. This is a reasonable
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requirement for the lower six channels but is more of a problem at the
higher frequencies.

REJECTION OF SPURIOUS SIGNALS INDUCED IN THE ANTENNA

Both i-f and image-frequency signals are potential sources of inter-
ference, although any signal strong enough to produce cross-modulation
also can be a source of trouble. Table I lists i-f and image-signal
sources of interference for each television channel.

A general working rule is that an interfering signal ten times down
(in voltage) is the threshold level for a usable picture, while 100 times
down is just discernible interference. It follows that on an equal field-
strength basis, the selective network should discriminate against un-
wanted signals by a factor of at least 100,

In general, it is not possible to attain 100:1 image rejection with
two tuned circuits using simple magnetic or capacitive coupling, or
stagger tuning. But by the use of increasingly complex coupling net-
works, it is possible to attain more spot frequencies qf high rejection.
Two such points of high rejection (i-f and image) require four coupling
elements (e.g., two condensers and two coils, or their equivalents). The
required rejections can be achieved by this method or by the use of at
least three tuned circuits between the antenna and the mixer.

It should be noted that the rejection requirement for frequencies
other than i-f and image is in general not as severe, since these fre-
quencies can enter only as cross-modulation and as beat notes with
harmonics of the local oscillator.

MATCH To ANTENNA TRANSMISSION LINE AND BALANCE To GROUND

If the impedance looking into the antenna terminals of the r-f tuner
is not equal to the surge impedance of the antenna transmission line,
part of the antenna energy will be reflected back towards the antenna,
and if the antenna is a poor termination, as it may be at most frequen-
cies, the energy will again be reflected back towards the r-f tuner. If
the transmission line delay is comparable to or greater than a picture
element, the result is a loss of detail or a multiple image. The reduction
of picture quality depends on the degree of mismatch and attenuation
of the transmission line.

On the basis of the working rule mentioned above, that interference
should be down 100 to 1, the maximum allowable mismatch at the r-f
tuner, assuming 100 per cent mismatch at the antenna and negligible
line loss, is one per cent for a just-discernible echo. An empirical study
was made at video frequency, using a high-definition monoscope pattern
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as a signal. With normal kinescope contrast, about ten per cent mis-
match could be tolerated before the reflection became objectionable.
The test was made with a 150-foot length of 72-ohm polyethylene
coaxial cable, over 90 per cent mismatched at the sending end. Pre-
liminary field tests indicate that somewhat higher reflection coefficients
may be tolerated at radio frequencies, where line loss is appreciable and
the antenna serves as a partial termination.

If the antenna input circuit is not balanced to ground, any voltages
picked up on the transmission line are amplified in the r-f tuner, and
may cause interference. For example, noise generated by a vacuum
cleaner operated in close proximity to the line but relatively far from
the antenna will get into the receiver if the input is not balanced.
Obviously, balance does not reduce interference picked up by the
antenna.

NoISE LEVEL AND GAIN

With the gains realizable in the r-f stage, the r-f amplifier stage
determines the noise level. The noise contributed by the mixer is a
small percentage of the total.

The 6J6 or 7TF8 triodes provide lower noise levels than the 6AGS5,
6AKS5, 6AU6, and 6BA6 pentodes which are inferior by a factor of
about two to one.

R-F Gain
The gain of the r-f stage, from r-f grid to mixer grid, can be
expressed with sufficient accuracy for the following discussion either as

Im
Gain=k , (1)
27CAf
or
Gain = kg,,R. (2)

G,, is the r-f tube transconductance, C is the total shunt ca-
pacity, Af is the bandwidth in cycles per second (usually six mega-
cycles), k is a factor depending on the type of band-pass filter used,
and R is the resonant impedance of the filter from mixer-grid to ground.

If the input conductance g of the mixer tube is less than CAw,
Equation (1) determines the gain. For the 6J6, 7F8, 6AK5, 6AUS6, or
6BA6 tubes, Equation (1) determines the gain for channels 1 through
6. However, if ¢ is greater than CAw, Equation (2) determines the
gain, where R is the reciprocal of g. Equation (2) may be written as
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g
Gain = k —. (3)
g

This equation determines the gain for channels 7 through 13 for
most tubes except possibly for the 6J6 or 7TF8 operated as a push-pull
mixer, where the ¢ is less than CAw even at channel 13.

Mizer Gain

The mixer gain is determined by the product of the conversion
transconductance g, and the plate load impedance. For a given tube
the g, is a function of the amplitude of the injected oscillator voltage.

DESCRIPTION OF AN ELEVEN CHANNEL R-F TUNER

A schematic diagram of an eleven channel r-f tuner is shown in
Figure 1. All switch sections have two sets of contacts and two rotors
connected in parallel to improve contact. Any decrease in switch
inductance from the parallel connection is apparently offset by the
increase in capacitance so the net size of the external inductance which
can be used is substantially unchanged. The wafers are bakelite, except
for the oscillator section, which is ceramic, to improve frequency
stability.

Single-ended or unbalanced construction was used to minimize the
number of wafers required, and otherwise simplify construction. Also
with single-ended construction compound coupling is easily applied to
improve the image ratio. The entire r-f tuner was built as a sub-
assembly in a shielded box.

The Antenna Circuit

Single-ended construction necessitated the use of an unconventional
antenna-input circuit to achieve some degree of balance. A tuned
antenna transformer was not used, despite its advantage of improved
signal-to-noise ratio, because of its increased complexity. The circuit
used involves feeding the line to both grid and cathode of the r-f
pentode. Neither the grid nor the cathode is grounded to r-f.

Figure 2 shows the input circuit with a longitudinal induced voltage
e being fed through the line radiation resistance ». Impedance Z, and
Z, represent all impedances between grid-and-ground and cathode-and-
ground, respectively (but not impedance caused by cathode feed-back
current) and Z,, is the coupling between Z, and Z,. The cathode cur-
rent I, flows as a result of a voltage between grid and cathode and is
given by
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Fig. 1—Eleven channel r-f tuner.
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where g, is the cathode transconducfance of the tube. A solution of
the mesh equations for I, as a function of induced voltage e yields

(2, —Z,)
nL=¢e——, (4)
A

where A is a fourth-order determinant involving r, Z,, Z,, Z,,, and g;.
The condition for balance is that I, = 0, which from Equation (4) is
satisfied if Z, = Z,, provided A is not zero. It can be shown by substi-
tution that A is not zero when Z; = Z,.
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Fig., 2—Grid-cathode fed tube with Fig. 3—Distributed capacities of
longitudinal induced voltage. grid-cathode fed tube.
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The measured impedance between grid and ground will be quite
different from that between cathode and ground, since the latter
measured impedance would be affected by the cathode feed-back current.
But when Z; = Z, longitudinal voltages cause no cathode current to flow.

Figure 3 shows grid-to-ground and cathode-to-ground capacities
which in general are not equal and hence will not result in complete
cancellation of longitudinal currents. The measured in-circuit capaci-
ties at the antenna terminals for a 6BA6 tube with grounded heater
are (1) total grid-to-cathode, 6.28 micromicrofarads, (2) grid-to-
ground, 6 micromicrofarads, (3) cathode-to-ground, 7 micromicro-
farads.

It is necessary to use a 6BA6 or 6AU6 tube with this circuit since
the 6AG5 and 6AKS5 tubes have the suppressor connected internally to
the cathode, which results in oscillator energy feed-back to the antenna
via the large plate-suppressor capacity. In order to minimize the effect
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of input loading due to transit time on the termination, 100 ohms
degeneration is used in the cathode.

A center-tapped coil, wound with small wire on an iron core in order
to attain high coupling, is connected to the antenna terminals. Its
purpose is to tune out the input capacity for channels 1 to 6, to reject
longitudinal currents by presenting a low impedance to ground to such
currents, and to provide a direct-current return for the cathode current.
The coil resonates with the input capacity at 62 megacycles, the
geometric mean frequency between channels 1 and 6.

As shown in the Appendix, it is necessary to provide more loading
than that caused by the cathode current to terminate a 300-ohm line.
It was found empirically that 1000 ohms is more nearly correct than
the calculated 690 ohms.

Reflection coefficients were calculated from standing-wave measure-
ments. These measurements were made with a current pick-up loop
arranged to slide along a 300-ohm line connected between the r-f tuner
and a signal generator. The per cent reflection coefficient is given by

SWR—1

Krp=100 X —
SWR +1
where SWR is the magnitude of the standing-wave ratio.

As seen from Figure 4, the reflection coefficient at the higher fre-
quencies can be improved greatly by shunting in a 0.18-microhenry
coil to tune out the capacity. Either an additional wafer on the switch
or a mechanical cam arrangement might be used to connect the addi-
tional coil on channels 7 to 13. If signal strength permits, an attenua-
tion pad may be used to reduce the reflection coefficient considerably,
as shown in Figure 4.

It should be noted that grid-cathode feed has the objectionable
feature that termination depends on the tube transconductance, which
can vary considerably in production tubes. This objection is partially
overcome by the use of cathode degeneration, which tends to stabilize
the transconductance.

Because of its effect on the input impedance of the tuner, control
bias probably should not be applied to the r-f tube, except when termi-
nation of the system is not determined by the tuner.

Frequency Selective Network

The number of tuned r-f circuits was limited to two for economy
and simplicity. Tuning capacity was restricted to tube, wiring, and
switch capacities. It was found experimentally that one value of con-
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denser used as high-side coupling provided substantially uniform band-
width from channel 7 to channel 13.

The calculated coefficient of coupling with this one-micromicrofarad
condenser is approximately 0.1, assuming the primary and secondary
circuits each have a shunt capacity of 10 micromicrofarads, whereas
a coefficient of coupling of only about 0.03 is theoretically required
for 6 megacycle bandwidth at 200
megacycles. Probably such a large
coupling condenser is required be-
cause it is actually tapped down on o
the high-frequency coils, which in- :
clude the inductance of the tube
leads. For this same reason, the
coefficient of coupling tends to de-
crease progressively from channels
7 to 13, since the coupling condenser
is tapped further down on the coils
as the frequency increases. Thus
the bandwidth tends to remain con-
stant from channels 7 through 13.

A combination of magnetic cou-
pling and capacity coupling was
used for the lower six channels to
avoid switching out the condenser
used for coupling at the upper o

-]
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last circuit in Figure 5 is equiva-  Fig. 4—Reflection coefficient of

lent to the first, provided r-f tuner.
(L+M)(L—-M)
M= —— L (5)
M
L’ = L + M. (6)
It is evident that at the frequency f,, where
1
L — ™
27V M'C,

the rejection is infinite, since there is no coupling between primary and
secondary. If 1/0C, >> M’ in the pass band (that is, predominantly
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magnetic coupling), then for constant C, C,, and constant bandwidth,

1
M’ o —, (8)
g
and
fo & V. (9)

It is evident from Equation (9) that f, cannot be made to corre-
spond exactly with the image frequency for all six of the lower channels.
To make f,, correspond with the image frequency, it would be necessary
to adjust both C, and M for each channel. In this application, only M
was adjusted, and only for correct bandwidth.

Although no attempt was made to adjust both C, and M for optimum
image rejection, it is seen that image rejection ratios of well over a
hundred were obtained in channels 1 to 6, as contrasted to rejection
ratios of 50 to 100 obtainable with simple magnetic or capacity coupling.

The i-f and image rejections for each channel are given in Table II.

It was necessary to ground the switch shaft at both ends because
otherwise the shaft acts like a resonant trap and absorbs energy at
one of the high channels. For the same reason, it is necessary to short
the low-frequency coils when the high-frequency channels are in use.
Alternatively, the resonant frequency of the offending low-frequency
coils could be lowered by shunting them with a small capacity (say 1
micromicrofarad).

For the upper channels, the adjustable inductances consist of hair-
pin loops of phosphor-bronze wire with a movable brass shorting bar
as shown in Figure 6. The coils for the lower channels consist of #31
enameled wire, close wound on one-quarter inch bakelite tubing with
brass slug tuning. (Iron tuning can be used if desired and will provide
increased tuning range.) Coil data are not given, since they would be
correct only for the particular mechanical layout used.

At channel 13, if the secondary of the transformer is connected
directly to the 6AGS5 grid, the circuit is over-damped by the tube
loading. Therefore, a capacity step-down, consisting of a 24-micro-
microfarad coupling condenser was inserted. This provides critical

&
| X [ Fig. 5—Equivalent
circuits of compound

% ¥ é coupled network.
L (-]

Il

M\
7




TELEVISION R-F TUNERS 93

damping. The result is that channels 7 to 11 are somewhat overcoupled
since the tube loading is less. To avoid excessive peak-to-valley ratios
at the lower six channels, a 4700-chm damping resistor is included from
the switch rotor contact to ground. The resistor is placed here rather
than at the mixer grid so that its damping effect at the upper channels
will be minimized. In Figure 7 is shown the equivalent circuit of the
mixer input at high frequency. The damping resistor R is tapped down
by an amount depending on the ratio of the circuit and grid lead
inductances to the total inductance.

Since grid-leak biasing is used, the mixer grid is returned to ground
through a high resistance,.

'3' 8rass rod

T

Switch section i Resistor
Fig. 7—High-frequency equivalent
Fig. 6—Adjustable hairpin loops. circuit of the mixer input.
MIXER

Grid-leak biasing and a series dropping resistor for the screen are
used because of the self-regulating characteristics which result in the
g. being less critical to the amplitude of the injected oscillator voltage.

The cathode is returned to ground through a by-passed resistor,
rather than being directly grounded to protect the tube in the event
of failure of the local oscillator. If the cathode resistor is not by-passed,
the overall gain is reduced about 40 per cent because of the degenerative
effect of the resistor on the i-f signal and the lowered g, caused by
reduction in peak g,, obtainable at the positive peak of the local oscil-
lator injected voltage.

LOCAL OSCILLATOR

For economy, it may be desirable to use an oscillator requiring only
one switching point. A simple circuit which will extend over the
required frequency range is the Colpitts, shown in Figure 8, using a
triode, with the grid grounded and the cathode isolated by a choke.
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One section of a 6J6 tube was used. It was necessary to isolate not
only the cathode but also the heater with a separate r-f choke to main-
tain strength of oscillation at the upper channels. A grounded heater
introduces more circuit capacity, that component between cathode and
heater being low Q. On the other hand, it would be desirable to use a
grounded heater to eliminate a choke and because the warm-up char-
acteristics of the cathode-heater capacity tend to offset the drift caused
by the other circuit capacities.

Oscillator energy is coupled to the mixer-grid circuit by a small
condenser from the oscillator plate. Each channel has a separate
adjustable oscillator inductance. For the lower six channels, the
inductances consist of enameled wire close wound on one-quarter inch
forms with brass slug tuning; (iron tuning can be used if desired).

For the upper seven channels the

B+ adjustable inductances consist of

hairpin loops of phosphor-bronze
wire with movable brass shorting
bars, as shown in Figure 6. Vernier

Wi tuning is accomplished with a 3-11
micromicrofarad variable air con-

denser. Vernier adjustment limits
and the direct-current voltage de-

veloped at the mixer grid are shown
in Table II.
Frequency drift of the local oscil-
lator may be divided into two com-
) e . ponents, a short-term and a long-
Fig. S_S?S%lif{:{‘gre_d Colpitts  torm drift. The short-term drift is
due to heating of the oscillator
tube, which causes the interelectrode capacities to change.

In Figure 9, the set of curves to the left of the dotted line shows
the frequency drift caused by heating of the oscillator tube as a func-
tion of time after the set is turned on.

The long-term drift is caused by an increase in the temperature of
the other oscillator circuit components. In general, drift caused by an
increase in ambient temperature occurs over a long period of time,
ceasing only when the complete receiver chassis has reached its final
operating temperature. The set of curves to the right of the dotted
line in Figure 9 show the long-term drift as a function of chassis
temperature rise above room temperature.

To obtain the overall frequency drift, it is only necessary to add
the short-term and long-term drifts shown in Figure 9.
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Frequency Drift Caused by Tube Healing

The frequency drift caused by heating of the oscillator tube is
influenced by the total circuit capacity. For this reason, it is desirable
to use as much circuit capacity as possible. The plate voltage on the
local-oscillator has a marked effect on the tube warm-up drift, as shown
in Figure 10. In general, as low a plate voltage as possible should be
used.

The plate voltage-dropping resistor should be of sufficient wattage
so that its resistance will not change appreciably during operation. If
this resistance increases during operation, the plate voltage will drop,
and the negative-frequency drift will be increased.

About 130 volts on the plate appears to be a satisfactory compromise
between stability and adequate oscillator strength.
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Fig. 9—Frequency drift of local oscillator.

Frequency Drift Caused by Increase in Ambient Temperature

The wave-change switch has a positive temperature coefficient of
both capacitance and inductance. It is therefore necessary to com-
pensate by the use of negative-coefficient condensers. The various con-
densers associated with the oscillator circuit each has a negative
temperature coefficient of 750 parts per million per degree centigrade.

The oscillator inductors for the low-frequéncy channels can be
made with either a positive or negative-temperature coefficient. As



96 TELEVISION, Volume V

is evident from Figure 11, if the coil form has a high thermal expan-
sion coefficient relative to the brass slug mounting screw, the coil
moves into the brass slug during heating, tending to reduce the coil
inductance. A plastic coil form with a high coefficient of thermal
expansion, and a steel screw to support the brass lug was used, as
shown in Figure 11.

The wire size and distance of the coil from the mounting plate
were chosen empirically so that approximately full compensation was
achieved for a chassis temperature rise of 20 degrees centigrade, as
shown in Figure 9.

Only partial compensation was possible for the upper seven chan-
nels. At these higher frequencies, a major portion of the oscillator
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Fig. 10—Effect of plate voltage on oscillator tube warm-up drift.

inductance is in the wave-change switch, so that it is very difficult
to compensate with the remaining adjustable inductance. Thus any
compensation must be made by the use of small condensers with very
high negative temperature-coefficients. The drift curves shown to the
right of the dotted line in Figure 9 were taken with negative 750
parts per million per degree centigrade feedback and coupling con-
densers. As may be seen, only partial compensation was attained for
channels Seven and Thirteen. Probably condensers with temperature-
coefficients of at least negative 1500 parts per million per degree centi-
grade would be required for full compensation.
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Switch Reset Errors

Because of imperfections in the switch detent mechanism, the
oscillator frequency will in general be different each time a particular
channel is switched in. The table shows maximum and arithmetical
average errors observed for each of four channels for a typical switch.

Channel No. Max. Error-ke Average Error-kc
1 19 12
6 82 40
7 67 47
13 117 47
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Fig. 11—Temperature compensated Fig. 12—Effect of line voltage on
oscillator coil. local oscillator frequency.
Effect of Line Voltage Variation

If the line voltage varies, the local-oscillator frequency will be
affected principally by the change in temperature of the tube heater
and by the change in plate voltage. Figure 12 shows the effect of
variation of line voltage for each of four channels.

Several other arrangements using the Colpitts oscillator were tried
which included additional tank capacity at the lower frequencies for
improved stability. None were entirely satisfactory, however. One
circuit used a coil directly at the oscillator plate. Variable condensers
were shunted in with the switch for the lower channels and variable
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inductances were shunted in for the upper channels. At channels 1 and
2, where the L-C ratio was lowest, the oscillator tended to oscillate at
a high frequency determined by the switch inductance and tube
capacity.

A 6C4 tube was tried, but the oscillator strength was low at the
upper channels.

OSCILLATOR RADIATION

Two measurements were made of oscillator radiation. The first
measurement “was oscillator energy at the antenna terminals, while
the second was overall radiation.

Oscillator Energy at Antenna Terminals

This component of radiation was measured with a shielded cali-
brated receiver connected to the antenna terminals with a short piece
of transmission line. This component of radiation is lower than pre-
dicted on the basis of grid-plate capacity. The reason probably is that
the cathode-plate capacity forms a bridge which tends to balance out
the feed-back energy.

Overall Radiation

The overall radiation, including that from the chassis and the
transmission line, was measured by connecting the r-f tuner to a cali-
brated 40-megacycle dipole and reflector with a 300-ohm transmission
line about ten feet long, beamed directly at a similar antenna some
30 feet away which was connected to a receiver. The radiation, ex-
pressed in microvolts to the calibrated antenna, is given in Table II.

GAIN

The gain from antenna terminals to the mixer plate was measured
with a 100-ohm mixer plate load. The data as recorded in Table II
are given as gain per 1000 ohms of mixer plate load.

The gain from induced antenna voltage to the mixer plate when
the antenna is matched to the line will be one-half that given in Table
I1, because of the voltage drop in the antenna.

Noise

The noise was measured by cascading the r-f tuner to a high-gain
4-megacycle i-f amplifier. The procedure described in the 1938 bulletin
“Standards on Radio Receivers” published by I.R.E., was followed,
except that root-mean-square (r-m-s) noise measurements were made
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by estimating the r-m-s value on a wide-band oscilloscope. The equiva-
lent-noise-signal-input (ENSI) noise is given in Table II.

It was found that most of the total noise was generated by the r-f
tube. This fact was determined by noting that shorting the antenna
terminals had no appreciable effect on total noise, and removing the
r-f tube from its socket reduced the noise several fold.

ALTERNATE SWITCHING ARRANGEMENTS

It may be desirable in certain applications to provide for only eight
channels, with provision for tuning to cover adjacent channels. The
tuner schematic shown in Figure 13 differs from that shown in Figure
1 only in the switching arrangement and in the local oscillator. The
rotor contact of each r-f switch section is the r-f return to ground.
Coils Lg and L; are used to tune channel 13. Inductances Lg through
L,s can consist of stampings of appropriate width between adjacent
switch contacts, so that the inductances added to those of Lg and L,
respectively, tune to progressively lower odd-numbered high-frequency
channels. In order to tune to the even-numbered high-frequency
channels it is necessary to increase only the inductances of coils Lg
and L; with iron cores. Thus the inductances of Lg through L,, need
not be adjustable. The coil sets Lz and L, are core tuned and magneti-
cally coupled for six megacycles bandwidth. Except for certain com-
binations, these are tunable to adjacent channels, but must be adjusted
individually. For some combinations, it may be necessary to add
capacity across one or more coils. For this reason, it may be desirable
to put in all six of the lower channels. This still leaves a blank switch
position.

This type of switching has the advantage that all the unused coils
are shorted so that there is no possibility of their acting as resonant
traps to the signal or oscillator frequency.

LocAL OSCILLATOR

The local oscillator shown in Figure 13 may be used with the circuit
shown in Figure 1 as well. It is a balanced push-pull oscillator using
a 6J6 tube. Tuning is done with iron-core inductances for all thirteen
channels. A grade of iron core advertised as 100-megacycle iron is
satisfactory.

This type of oscillator has marked advantages over the single-
terminal switching circuit shown in Figure 1 in that (1) no isolating
chokes are required, (2) the circuit capacity is less so that ordinary
coil forms and cores may be used to tune the high channels (on a one-
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quarter inch form, the coil consists approximately of two turns of #20
wire, spaced a wire diameter for the high-frequency channels), (3)
chassis currents are reduced since the main tank current return is
through the switches.

It should be noted that the oscillator is not perfectly balanced. The
injected voltage is taken from one plate, while the trimmer is con-
nected to ground from the other plate. The only apparent effect is to
increase the chassis currents.

APPENDIX

Input Impedance of Grid-Cathode Fed Tube
The mesh equations of the circuit are:

I, =e;_ 19
or
I, = (e—I.R;) gy, (10)
and

€ =Iozl_ (Ik—Ia) Z2_ (Ik_Io) Zl2 +Iozlg. (11)

Fig. 14—Grid-cathode fed tube.

Solving Equation (10) for I, gives

9
L,=e—— 0
1+ R0,
g
Let ¢p=— . (12)
1+ g.R,

Substituting,
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Ik = eg’k. (13)

Substituting for I, in Equation (11), and solving for e yields

2y + 2y + 27,
“1+ 9 (Zy + Z,5) .

e=1

The input impedance is the ratio of e to I, or

e
Zlnnut = s

[

Z,+2,+22Zy,

= : (14)
14+ 9% (Z2+ Zy5)
Let Z,=2Z,=2. From Equation (14),
Z+ 2y,
Zypput =2 : (15)
14+9% (Z+ Zy3)
o ~
2
Fig. 15—Equivalent input circuit <
of grid-cathode fed tube. —— Zip :;_2_
2 2%
o .

Multiplying numerator and denominator of Equation (6) by 2/g’,
yields

2
—— (22 + 22,,)
9%
Zlunut = . (16)
2

—+ (2Z + 22,,)
9%

From Equation (16) it is evident that Figure 15 is the equivalent
circuit when Z;=2Z;=2. The equivalent resistance 2/g’, may be
considered the loading introduced by the cathode feed-back current.
Let Z, =0, Z,,=0 (grounded grid operation). From Equation (14)
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Z,

_— (amn
1+ 92,

Zlnput =

It is evident that for this case, the loading introduced by the cathode
feed-back current can be represented by a resistance 1/g’;. Let Z,=0,
Z,;, =0 (grounded cathode operation). From Equation (14),

Zinput = Z;. (18)

For a 6BA6 tube with R, =100 ohms, g, = 6000 micromhos, sub-
stitution in Equation (12) gives ¢’, = 3750 micromhos. If Z, and Z,
are equal, and if Z,, Z,, and Z,, are reactances, the input resistance is

2

Rlnput = ’
k

= 530 ohms.

If it is desired to match to a 300-ohm line, an additional damping
resistor, R, must be included.

530 X 300
R .

" 530 — 300
= 690 ohms.

(19)

For a 300-ohm input resistance, it is possible to use a g’; as large
as 2/300 millimhos or 6667 micromhos. A larger g, results in an input
resistance less than 300 ohms.

Equation (10) assumes that the tube is a constant-current genera-

tor. This is true provided the total cathode impedance to ground is
small compared to the cathode-screen dynamic tube resistance.



MAGNETIC-DEFLECTION CIRCUITS FOR
CATHODE-RAY TUBES*}

By

Otro H. SCHADE

Tube Department, RCA Victor Division,
Harrison, N. J,

Summary—An analysis of the operating cycle in fundamental sawtooth
current generating circuits establishes the general requirements for ob-
taining linear magnetic deflection of cathode-ray beams.

The graphic representation of the circuit resistance as a load line in
the plate characteristica of electron tubes functioning as an electronic
switch, furnishes an accurate means of obtaining operating conditions and
specifications for the design of practical tubes and circuits.

It is shown that a substantial fraction of the circulating power in
certain deflection systems can be recovered as d-c power output from the
circuit and, by the use of specific transformation ratios, may be recircu-
lated through the system. Function and design of practical power feedback
circuits are analyzed as well as ‘he design requirements for efficient circuit
elements, power- and booster-tubes.

INTRODUCTION

tubes for television uses has greatly increased the magnitude of

the field energies required to deflect the electron beam and has
made the design of efficient deflecting circuits a major receiver prob-
lem. For example, a modern short kinescope having a 50-degree deflec-
tion angle and operating at 10 kilovolts would require over 50 watts
of direct-current power for full deflection of the beam if circuits such
as were used in prewar television receivers should be employed. From
the economic viewpoint, this large power requirement would present a
rather intolerable condition.

THE trend in the design of magnetically deflected cathode-ray

It has long been known that, in principle, an ideal cyclic system
for deflecting an electron beam requires only wattless power, and that,
in practice, the deflection circuit should function as a power control
system and should dissipate only a fraction of the circulated power.
The operation of such a control cycle can be illustrated by means of
the simple circuit shown in Figure 1(a).! In this circuit, closing

* Decimal Classification: R138.312 X R583.

t Reprinted from RCA Review, September, 1947.

1 Deflection circuits with diode (non-linear)—
(a) A. D. Blumlein, (Britain) U. S. Pat. 2,063,025 (Dec. 8, 1936) ;
{(b) Andrieu, U. S. Pat. 2,139,432 (Dec. 6, 1938).
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switch S allows the battery voltage E to drive an exponentially rising
current ¢; through the inductance L. A high percentage of the deliv-
ered power is stored in the form of increasing magnetic energy in the
deflection-coil field. When the current (+ ¢;) and field strength which
give the desired deflection of the cathode-ray beam from the center
position have been attained, the switch is opened—Figure 1(b) and
(c¢). The magnetic field must be quickly reversed to give a similar
negative deflection (Figure 1(b)). This field reversal takes place
without external control because a tuned circuit (LRC) is always
formed by L and the inherent capacitance C of the system.

»
o
)
]

ml
E

(b)

HORIZONTAL
DEFLECTION

< VERT, DEFLECTION

]

]

I

]

[]

1
_-%’-Tr
<":\.117’

Fig. 1—Fundamental eyclic power-}t):ontrol system for deflecting an electron
eam.

Thus, the magnetic energy is converted into potential energy in
the electric field of the capacitance by current flow + ¢ from L to C
and back again into magnetic energy by reversed current flow — 7 in
substantially one-half cycle of oscillation. The phase relation of voltage
and current in low-Q circuits is shown by the vector projections in
Figure 2. For values @ > 3, the assumption that 8 =0 and y ==/2 is
permissible. The retrace time of the beam is, therefore, determined
by the constants L and C of the system and can be expressed as

T,~=\VLC 1)
The @ value of the tuned circuit determines the completeness of field
reversal; i.e., the peak current ratio which can be written as

i2/i1 = C—”/zo (2)
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The switch voltage e, rises to a high value during T, as shown by the
following equation: 6,=E + és=FE +i, VL/C e~/ (3)

After reversal of the current flow, the magnetic energy is released
for power feedback into the d-c source by closing the switch. The
current in the subsequent deflection period T, may be considered as
the sum of two exponential currents i1=1; + i, (see Figure 1(c)).
The negative current section of the total current ¢ recharges the bat-
tery while the beam deflects back to the center position.

Proper functioning of this circuit requires a high L/RT ratio;
i.e., incomplete decay of the transient currents. If R =0, the ideal
linear current is indicated by 7, in Figure 1(c). The linearity of the
sawtooth current is expressed by A= (1 — ¢—RT+/L)/RT,/L 4
This linearity is not sufficient for television purposes with practical

T e P L)

t 1} V4
ELINJ_‘2_

T-l | f—
0 e

Fig. 2—Phase relations of voltage and current in low-Q circuits during
retrace time. (tan¢=2Q; sinB,=E, /i, VL/C'; sin ' =E,/i,’ V' L/C).

coil constants since a deviation of 1 — A = 0.05 must be considered the
upper permissible limit. The necessity for high-speed switching re-
quires the use of electronic switches. The efficiency attainable from
such methods has been poor in the past because of the large power
losses in the circuit elements and in the switch circuit.

The development of suitable electron tubes for the switch circuit
requires that the switching operation be performed at voltages and
currents within the range of practical tube characteristics. To pro-
vide maximum performance, circuit and tubes must satisfy certain
requirements as follows:

1. the deflection current should change linearly with time in cir-
cuits operating with present and future television scanning speeds;
the circuit Figure 1(a) must, therefore, be modified;

2, the power consumption of the circuit should be minimized by
reduction of current or power losses; large energy requirements indi-
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cate, therefore, a return of power in a form suitable for feedback or
other useful purposes; and

8. the circuit and system must be stable in operation, avoid critical
adjustments, and have a moderate cost.

The cyclic transition from oscillatory to aperiodic circuit operation
results in unusual operating conditions for the switch tubes. These
tubes must control large currents with low voltage drop in the aperiodic
phase (T,), and withstand four to five kilovolts in the oscillatory phase
(T,) of the operating cycle.

The use of a voltage-step-down transformer provides a desirable
reduction of the surge voltage on the elements in the secondary circuit
and, besides, allows the use of larger capacitances in the secondary
circuit, but it increases the current values. Since part of the electronic
switching operation can be transferred to the secondary side of such
a transformer, its transformation ratio and capacitance effects must
be considered in conjunction with tube characteristics.

An analysis will show that linearity of the deflection current can-
not be obtained unless the circuit resistance is cancelled during the
aperiodic phase of operation. This cancellation requires that the elec-
tronic switch act as a negative resistance.

The concept of a negative resistance is very useful in problems of
switch and circuit design. It establishes a direct link to general
graphic solutions with actual tube characteristics which, in turn, fur-
nish exact numerical values for all operating conditions of circuit and
switch. A general analysis will show that certain circuits can be elim-
inated because of inefficient tube operation and that others can be
ignored because of divergent requirements between current control
in the tube and linearity in the circuit. The final choice of circuits
and of tube types will depend as much on constructional requirements
involving high-voltage insulation, low-capacitance mounting of circuit
elements, and control of critical tolerances, as it will on operating
efficiency and on power requirements.

DEFLECTION CIRCUITS WITH CONTROLLED NEGATIVE RESISTANCE

Linear deflection of the cathode-ray beam requires a deflection
current with a constant rate of change with time. A deflection current
{ with constant rate of change induces a constant inductive voltage

e, = L di/dt = constant (5)
This relationship is obviously not true of the circuit of Figure 1, where

¢, =E —iR (6)
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To obtain linear deflection, therefore, it is necessary to eliminate the
iR drop in the circuit. Although the deflection-coil resistance B can-
not be made zero, a generator modulated in synchronism with the
current i can be employed as shown in the circuit of Figure 3, to
supply compensation for the ¢R drop in the aperiodic phase of circuit
operation. Such compensation requires that the characteristic of the
generator obey the law Ae/Ai=—R

a condition which can be met by utilizing the control characteristic
of an electron tube. At first thought, it may appear that this contro)
should be a direct function of the current #, but such control will cause
instability in the form of relaxation oscillations because the circuit
would then have no time constant of its own within the controllable
current range of the tube. The control, therefore, must be effected by
a voltage having an independent time constant, i.e.,

Aep/Aip=—R=f(e),f(1) )
The quantity — R is a negative resistance and is shown graphically in
Figure 4. With the operating path — R given, it is now relatively
simple to find the control voltage e, = f(¢,) required during the trace
time T, as a dependent variable from the electron-tube plate charac-
teristic. It will be shown that circuit modifications are required by
the fact that an electron tube can conduct only a positivg current. The
operating conditions during retrace time (7,) place additional re-
quirements on the switch circuit and determine the corresponding
control voltage e, =f(¢,).
The complete control voltage wave e, =f(¢{) must also remain
within certain limits of waveform and amplitude which can be gen-
erated in auxiliary circuits with the voltages available.

ELECTRONIC SWITCHES WITH NEGATIVE RESISTANCE

Switch with one electron tube

The function of an electron tube in generating a negative resistance
is explained by the graphic construction of Figure 5. Stability of
operation is obtained by varying the control-grid voltage of the tube
as a function of time as required by Equation (7). Figure § shows
that the operating path — R, constructed from current and voltage
waves, is the familiar load line in the tube characteristic. The nega-
tive control signal voltage e, = f(t,) is obtained by plotting the inter-
sections of the grid voltage curves with — R against A ¢,. Current
range and control signal obviously depend on where — R lies in the
plate characteristics of the tube.

The bidirectional current = ¢ in the deflection circuits of Figure 1
or Figure 8 requires an operating path — R passing through the zero
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\ : / R
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-i
Fig. 3—Control system employing
a generator to compensate for iR
drop in deflection-coil resistance Fig. 4—Graphical representation
for linear deflection of an electron of equivalent negative resistance
beam. generated in circuit of Figure 3.

current value. A single tube with one current-carrying electrode can,
therefore, function only when the negative return current —1i is elim-
inated. The tuned circuit must then be made aperiodic by using a
shunt resistance to dissipate all of the stored energy. This solution
is satisfactory for low-frequency (vertical) deflection circuits where
a short retrace time is obtainable with deflection coils of large turn-
number and inductance. Equation (5) shows that the inductive volt-

Fig. 5—Graphic construction indicating function of a single eleetron tube
in generating a negative resistance.
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age component is smail and, therefore, the deflection coil acts pre-
dominantly as a resistive load B which can be matched by suitable
transformer ratios to the tube characteristics.

This method, however, is too inefficient to be considered for high-
frequency (horizontal) kinescope deflection, where dissipation of the
stored energy in a damping resistor will double the required input
power and lengthen the retrace time. It is, therefore, essential in
this case to design the switch circuit for conduction of bidirectional
currents.

A bidirectional current can be conducted by two electron tubes

p Pee, (b)
ty——
1 P
| 10 Ee,
Vo /X eg=flts)r[°
| i-20
f I | -20
11 -
Ib| ?1— ] l | 30
| -40_.| ~-40
LA ; €2 o1 2 34
] - - Yo Atg —o
0 ] |
- Ey =% =R r
1
1 : | _1 %A ‘bz
11T t2
1 g=t
| 1! V:
1 11
1 I
43210
- At

Fig. 6—Bridge and equivalent circuits for obtaining bidirectional currents;
and, characteristic curves showing tube operating conditions for balance of
steady current component.

forming a bridge circuit. The steady current component required by
tube operation in the positive current region can thus be balanced out.
It follows that to accomplish this, one of the tubes must have a con-
trollable voltage drop.

Switch with triode and diode
A bridge circuit containing one triode V,; and one diode V, is
shown in Figure 6(a). Tube operating conditions for balance of the
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steady current component are obtained from the joined characteristics
shown in Figure 6(b). The load-line slope — R is equal to the known
positive resistance R of the deflection coils, ending at §; and %, in the
respective quadrants of V; and V,. The diode characteristic is drawn

(a)

(s}
1l
1A}

| R
[ Rs
CENTERING g '
. (¢)
Vi \-F,
I
t 1
Ib1 ?1| '
! 1
-R1 Ea=E=L g, —
A
oo 1 vt = 2
I‘— LN /) it
Ei l|-.‘ :/ //<RS
:?z—|—-;’r-(- rbZ
Rg +ry /v Ve '
(st )T L

Fig. T—Rearrangement of bridge circuit; circuit with addition of trans-
former; and, characteristic curves showing effect of increasing diode resist-
ance by adding R,.
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so that i, lies on the diode line. This determines the plate battery
voltage E,. The negative resistance —r, which must be generated by
V, is constructed point by point by the addition of the diode current
_and the current required by — R at respective plate voltages (parallel
to the current axis). The characteristic of V, is now shifted until ,
lies at or below the zero grid-voltage line of V,, thus determining E,.
The control grid voltage ¢, = f(t,) is readily obtainable from the inter-
sections of — 7, with the grid voltage curves E, of V,.

It is apparent from the construction that V; must furnish a peak
current in excess of the peak-to-peak deflection current. A higher

V'/;L\ Va = :‘—"g \J\

2 mmm ) '----\—O
[ \ ! L
eg“)£ ' T %8
c ==
R
=i
+ =4
A ,1~
II---\\
[} ’
N2 \ -f’ll - L
=

| 8(2)
Ibz ?- o
+
SIS : It
Ep,=E-E2=(E"24 ) -E2

Fig. 8—Practical circuits with two controlled electron tubes.

diode resistance will reduce the peak current but will require a larger
voltage E,. Rearrangement of batteries results in the circuit Figure
7(a) where E, can be raised to equal E without additional voltage.
With the addition of a transformer, this circuit (Figure 7(b)) will
be recognized as a prewar deflection circuit. The diode resistance is
adjusted by adding a variable series resistance R,; linearity occurs

when R,=[E— (L,R+Ep1/i, (@

and when the grid-voltage wave of correct shape is applied to V, (see
Figure 7(c)). The transformation ratio from V, to V, is taken into
account by multiplying current and voltage scales of V, with the
turns ratios m,/n; and n,/n,, respectively. Although giving linearity,
the circuit has a low deflection-current efficiency, similar to that of an
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aperiodic circuit, because of the large circulating bridge-current. It
has, however, a shorter retrace period.

Switches with two controlled electron tubes

Considerably better performance is obtained with bridge circuits'
containing two controlled electron tubes.? Each tube contributes to the

i|/ X7 x \2 <Y s
N _

—3— (PEAK AT SEVERAL

_____ KILOVOLTS)
A
!

Fig. 9—Equivalent bridge circuits for Figure 8 and characteristic curves
for the two tubes.

negative resistance — R and circulating bridge-currents can be re-
duced to small values. The rearranged circuits are shown in Figure 8.

Switch circuit and combined characteristic of two controlled tubes
V, and V, are illustrated in Figure 9, and may be treated like the

2 Circuits with negative resistance—

(a) Max Geiger, U. S. Pat. 2,225,300 (Dec. 17, 1940) ; filed 6/9/38.

(b) R. C. More, U. S. Pat. 2,251,851 (Aug. 5, 1940) ; filed 6/16/39.

(c) V&;éo.%gTolson, U. S. Pat. 2,280,733 (April 21, 1942); filed
6 5

(d) H. A. Wheeler, U. S. Pat. 2,235,131 (March 18, 1941); filed
10/25/39.

(e) Otto H. Schade, U. S. Pat. 2,382,822 (Aug. 14, 1945), filed
6/30/42.
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familiar push-pull amplifier characteristic with respect to graphic
addition of currents. It is, however, important to keep in mind that
voltages and currents are non-sinusoidal and asymetric and that the
current change di/dt along the load line — R must be constant.

The starting point for the graphical construction of Figure 9 is
again the line — R with end-points at £, and %, given by the required
deflection and the @ value of the tuned circuit LCR. The characteris-
tic of V, is drawn so that , is located on the zero-bias curve, deter-
mining, therefore, the plate voltage E,. The plate voltage E, for V,
is obtained in a similar manner. Good efficiency and uncritical match-
ing indicate grid-voltage amplitudes which cause cutoff on one tube
when the other tube carries peak current.

The constant summation load characteristic — R can be obtained
with many different pairs of individual load characteristics — r; and
—7r, (see Figure 10). Each pair requires a specific pair of grid
voltages e,(;, and €,(;. Given one grid voltage wave e,(;), the other
voltage e,(;) is determined as follows:

Divide the plate-voltage change Ej, into equal increments, A E,
occurring at equally-spaced time increments, A ¢{. Locate the corre-
sponding grid voltages on e,;, (Figure 9) by using the same number
of time increments, A t. The intersections of these grid-voltage curves
in the V; characteristic with corresponding A E values furnish, there-
fore, the desired currents i, and the load path —r;. Obtain the load
path — r, by subtracting the current values ¢, from the total current
in — R. Plot the waveform e, against time from the intersections of
plate voltage, grid voltage and load path — r,.

The waveform and amplitude of the grid voltage determine the
magnitude of the matching current (in the bridge circuit), which con-
tributes nothing to the deflection current. Figure 10 shows various
degrees of current efficiency. Figure 10(a) indicates ideal but very
critical class B operation for zero matching current and for an ideal
tuned circuit having R =0. For this arrangement, i, equals {,. This
condition represents ideal current utilization and has the significant
relation £, + §, =81I,,, where I,, is the average current value in V,.
For this condition, the current utilization factor or current efficiency

becomes ni= (i, +1,)/81,, ®)

A maximum current efficiency of 57 equal to unity does not indicate
that the power loss in the electron-tube bridge circuit is zero; instead,
it indicates that the power loss in the circuit LRC is zero and that
there is a minimum current drain from the supply voltage source.
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A good stable operating condition obtainable with practical grid-
voltage waveforms and »i = 0.63 is shown by Figure 10(b). Figures
10(¢) and 10(d) show conditions arising from poor adjustments and
low-Q circuits. Figure 10(e) shows the comparatively low current-
efficiency 7 = 0.25 of the circuit Figure 7 when an uncontrolled diode
is used to obtain a linear sawtooth current, while Figure 10(f) illus-
trates the gain in deflection obtainable with the same circuit by allow-
ing a non-linear current i. This circuit requires a positive load line
slope in the construction Figure 7(c) in order to effect diode cutoff.

Switch with pentode and plate-voltage-controlled diode
The characteristic of the pentode-triode switch (Figure 9) can be
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Fig. 10—Degrees of current efficiency with varying grid voltages, circuit
adjustments, and tubes. (i= (i, +1,)/81,)).

duplicated with pentode and diode by displacing the diode line in the
composite characteristic (compare Figure 6(b)) towards the left as
a function of time, thus forming in effect a triode characteristic. This
displacement is accomplished, in principle, by the insertion of an
auxiliary synchronous generator (E,) in series with the diode as illus-
trated in Figure 11. Efficient operation requires diode current cutoff
by a decreasing diode plate voltage e, while linearity of deflection
current requires an increasing voltage E + ¢{R across the deflection
coil system. The auxiliary generator voltage is, therefore, specified by

e, = f(t,) S (ed + e}z) (10)
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Fig. 11—Diode control circuit and equivalent switch current.

with the peak-to-peak value E,=— (E;+ Ep) (10a)

To duplicate the triode action, the waveform of e, should approximate
a sawtooth. Insertion of e, into the diode circuit can be effected by
means of an auxiliary transformer T, having one of its windings in
series with the plate or cathode connection of the diode. The control
voltage can be supplied by an auxiliary small power tube Vg or by the
power tube V,; as indicated in the fundamental switch circuits given
in Figure 12. In the circuit of Figure 12(b), the transformer T, is
given a small step-down ratio because the current ¢, must not only
supply shunt losses but must also counteract and exceed the diode cur-
rent i, in the secondary current i, = (n,/n,) i, + ;. The voltage e, is
developed across an impedance Z representing the internal impedance
of the auxiliary generator and may be connected across either or both
of the closely coupled primary or secondary windings of T,. Proper
phasing of e, in these and in most practical circuits requires phase
reversal of the secondary voltage.

For best circuit efficiency Z should be purely reactive. In order
to obtain a good sawtooth waveform, Z should act as an impedance to
at least several harmonic components contained in the sawtooth wave.

Although the simplest impedance of this type is a pure resistance,
its use, however, results in some power loss. It is, therefore, of

ras (b)
Fig. 12—Diode switch circuits with negative resistance (— R).
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interest to determine the limits within which amplitude, waveform,
and phase of ¢, may be varied for practical operating conditions of the
electron-tube switch and linear deflection current. The waveform will
indicate the requirements for the impedance Z with respect to higher-
order harmonic components.

The graphic solution for the control voltage e, is shown in Figure

DIODE
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SYNCHRONOUS
CONTROL VOLTAGE
GENERATOR
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Fig. 13—Characteristics and control voltages for linear deflection with
controlled diodes.

13. The limiting class B case (see Figure 10(a)) requires that the
individual load path of V, should follow the load line — R to the cut-
off point 0 at ¢ =0 where it turns sharply to the left and remains at
i =20 for the second half of the load cycle. The current of V, is zero
in the first half of the load cycle, its load path turning sharply at point
0 to follow the load line — R to ;.
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The diode* characteristic is drawn through the initial current {,.
The cutoff point places the value of the control voltage at T,=0. The
voltage E changes linearly and is divided into equal increments A Ep,
which correspond to equal time increments A ¢, on the control-voltage
time base. The instantaneous value of e, at a time A ¢,=1 is found
as the voltage increment by which the diode line must be shifted to
the left to intersect — R at the corresponding plate-voltage change
A Ep=1. In this manner the control-voltage wave (a) is obtained,
indicating the load-line limit as far as point 0 (A T,=1.8). The cut-
off point moves, then, along the broken line to point C. The waveform
of e, in the range A t,=1.8to A t,=4 (points 0 to C) is unimportant
so long as it remains to the left of the broken line. It may thus have
the practical form indicated by curve (a) which, for the example,
represents the closest approach to a sine wave giving efficient linear
deflection. It is obvious that waveform, phase, and amplitude are
critical.

It is not difficult to prove that practical operating conditions re-
quire the control-voltage wave to remain to the right of the shaded area
marked by the load-line limit up to the crossover point 0 and that
once having crossed the cutoff line (dashed) it should remain on its
left side for the remaining portion of T,. Waveforms (b) and (c) fill
this requirement while the sine wave (s) crosses the cutoff limit again
at A t,= 2.7 thus causing a premature return of the diode current and
requiring, in turn, an enormous rise in power-tube plate current i, if
deflection linearity is to be maintained.

Curve (b’) shows that an amplitude reduction of (b) causes a
second crossover indicating that the magnitude of Z as well as the
phase of e, must be carefully adjusted. Voltages approaching the saw-
tooth shape (¢) are less critical and more readily controlled as the
impedance of Z approaches a pure resistance.

A practical form of the impedance Z which permits adjustment of
rhase and waveform is shown in the rearranged circuit of Figure 14.

The inductance L, of the transformer T, forms a damped resonant
circuit with C and the adjustable resistance R,. Variation of C (or
L,) provides a phase adjustment for E,, while R, controls waveform
and amplitude. Because of this interaction, the constants L, and C
as well as the stepdown ratio must be properly selected. Higher
impedance LC circuits and larger step-down ratios permit the use of
larger values of resistance resulting in more flexibility than is obtain-
able with low-impedance circuits and transformers with smaller step-
down ratios which require a higher value of Q to build up sufficient
control voltage.

* Diode can be gas or vacuum type.
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It is apparent that the plate supply voltage E,,l must be increased
to include the voltage drop across Z. This increase is given by
OEp =Eg0.)/2 when Z is purely reactive and increasing towards
A Ep =E,;=1i, R, when Z is a pure resistance.

The reactive voltage-drop and the corresponding power are sub-
stantially regained by the booster tube V, in the form of increased dc
power output into the battery Ep, = (E’— E3) + (Ez(5)/2) (See sec-
tion discussing power-feedback circuits — page 524.)

Although similar in deflection efficiency, the controlled diode cir-
cuit has more interacting parameters than a triode booster circuit
which by its natural triode plate characteristic facilitates accurate
matching of the V; and V, characteristics.

SWITCH-CIRCUIT PROPERTIES REQUIRED BY THE OSCILLATORY PHASE

Since the electron tube bridge must be an open circuit during
retrace time T,, a rapid plate-current cutoff in V,; and V, is required

+
Eq, ‘E+E|+KEZ ﬁlllh' 5
Eg2= E- Ez+ [O SEz(x)]

Fig. 14—Rearranged deflection circuit with controlled diode (as Figure 12
(b)) combining good efficiency and linear deflection.

to prevent damping of the tuned circuit. The switch voltage e, in
Figure 1 is obviously the sum of the battery voltage E and the
voltages developed by the current ¢ flowing through R and L. Thus,
e,=—E,+ (iR + L di/dt) (11)
The second term in Equation (11) is the plate load voltage of the tubes
V, and V,. It varies with time as shown in Figure 9. In the oscillatory
time, T,, the voltage L di/dt has a sine-wave shape and rises to a high
peak value, thus, é,~1, VL/C e—m/4Q (11a)
In the aperiodic time T,, the voltage L di/dt has the substantially con-
stant value  E,=—L (4 —8) /T,=—Li, (1+¢~7/2)/T, (12)
since the exponential terms approach unity in high-Q circuits. When
Q =6, i, = 0.85 7;, and the Equations (1), (11), and (12) furnish the
approximate relation é,~17E,T,/T, (13)
The maximum switch voltage é, is thus inversely proportional to the
retrace time. Current cutoff in a triode in the V, position requires,
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therefore, a highly negative grid voltage pulse during T, because, as
Equation (13) indicates, positive peak voltages of several kilovolts
may occur in practical circuits (see Table IV — page 535). A pentode
or beam power tube is, therefore, most suitable as power tube V; since
screen-grid tubes can be cut off with a small negative grid voltage
which is substantially independent of the value of the plate voltage.

The “booster” scanning tube V, receives a negative plate voltage
during the major part of T, except during the short time angles S,
and B8’ (see Figure 2). 1t can, therefore, be a diode, triode or pentode
if its switch function only is considered. The grid voltage should,
however, contain a negative pulse of sufficient magnitude to effect rapid
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Fig. 15—Generation of control voltage for power tube, V..

cutoff within the angles 8 (Figure 2) where the plate voltage (e,)
is positive (see Figure 9).

Generation of the negative resistance — R during T, can be accom-
plished equally well with diodes, triodes or pentodes. However, proper
functioning of the deflection circuit also requires that the tuned circuit
become aperiodic at the beginning of T, to prevent further current
oscillations. The electron tube switch must, therefore, be a short-
circuit or a low value of positive resistance (r,) to damp out all para-
sitic voltage or current fluctuation while acting as a controlled nega-
tive resistance — R only for the desired deflection current <.

It is thus essential that at least one of the tubes V, or V, have a
low plate resistance (r,). If V, is a high-impedance screen-grid tube,
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the booster scanning tube V, must also act as a damping resistance
requiring the low plate resistance obtainable with a low-p triode or
diode.

It is possible to obtain low effective r, values with high-u tubes by
inverse feedback but difficulties in obtaining properly phase feedback
voltages limit the usefulness of this method for practical circuits.

GENERATION OF CONTROL VOLTAGES (¢,)

The control-grid voltage for the power tube V,; is usually generated
in an RC circuit by means of an electron-tube discharge switch.
(Figure 15). In this circuit, the capacitor voltage rises exponentially
during the charging period T,. The linearity A of the voltage rise is
expressed by A= (1 —e—T/EC) RC/T, (14)
The following approximations may be used for values A > 0.75 or
values of peak-to-peak sawtooth voltage E. < 0.5 E,, by assuming sub-
stantially complete discharge of C during T,; i.e., for r << R,

E.~2E, (1—2) (15)
and T,/RC ~ (2/X) —2 (16)

A negative pulse to cut off the power-tube plate current is obtained by
addition of a resistance load in series with C. The pulse width should
correspond to T, of the deflection circuit. When shorter, as in case of
a blocking-oscillator drive, the cutoff pulse can be obtained by feed-
back from the transformer secondary (see Figure 17).

The control-grid voltage for the booster triode V, can be obtained
from the pulse voltage without the use of additional tubes.® The circuit
function is illustrated by the equivalent of circuit Figure 16 which is
a special case of the discharge circuit.

With c—Tr/RC =K\ and c"'Tn/RC = Ks (17)
the peak-to-peak capacitor voltage is given by

E,= (E,+E,) 1—K)/[K;+ (1—K;) (1—Kj)] (18)
The integrated voltage, e, is relatively small because of the short
charging time. The differentiated voltage, e, is the pulse voltage
minus the capacitor voltage as shown in Figure 16(b). The sawtooth
section has the same amplitude as e, but opposite polarity; the nega-
tive pulse during T, is more than sufficient for cutoff of V,. The circuit
constants are again given by Equation (16) with A ranging from 0.3
to 0.8 according to grid-voltage wave shape. The voltage E, in Equa-
tion (18) is approximated by the average value of the sinusoidal pulse
voltage E, = 0.63 e,. A practical control-voltage-generating circuit is
shown in Figure 17. The impedance of the circuit R, C; is limited by
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the tube electrode capacitances to certain maximum values.

It should also be noted that the voltage pulse of practical trans-
formers is not a smooth half-sine-wave pulse. It contains harmonic
frequencies due to leakage reactance tuning with varying coupling
and phase relations between windings. These ripples are degenerative
in V, when the negative secondary pulse is used for generation of
¢, 0of V.

Fig. 16—Generation of control voltage for booster triode, V.

EFFICIENCY AND POWER FEEDBACK

The efficiency and power output of deflection circuits are relatively
low. The overall efficiency can at best equal the square of the normal
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oscillator efficiencies since the a-¢c power output of tube V,; must again
be controlled and rectified by a second tube V,. The booster tube V,
is thus in principle a rectifier. An operating efficiency of 80 per cent
per tube and a similar circuit efficiency for the deflection coils and
transformer would give an overall efficiency of 50 per cent.

The efficiency of circuits in actual practice may be considerably
lower than this value and, in fact, equals zero when the d-c power
output, E,, X I,,, is dissipated in a bypassed resistor (Figure 17),
which 1'epl£ces the battery E; = E’— E, in Figure 8(b).

It is possible, however, to feed the rectified power back into the
power source or power tube by use of circuits employing proper trans-

+8
Ry
0.2-0.5
MEG.

DISCHARGE| 5
TUBE 1

- =%
PEAKING ‘\\[—V LOAD RESISTOR

Fig. 17—Practical circuit for generating control voltage for booster triode,
2.

former ratios. The use of such a circuit is justified, even for small
power gains, if important operating advantages are secured. Various
developments prior to and during the war indicated that as the defini-
tion of television systems is increased, the kinescope and pick-up tubes
used require increasingly larger deflection energies. Such tubes would
be impractical without some method of energy conservation. Based on
investigations of power feedback, the author successfully demonstrated
in 1944 a high-definition color television system utilizing series power
feedback.

Parallel Power Feedback

Feedback of secondary d-c power into the power supply source
requires the matching of voltages by means of a transformer with the
proper step-up ratio. The transformer is given a step-up ratio ny/n, > 1
which is adjusted to give E‘,,2=E',,1 with linear deflection current.
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This ratio is: ny/ny =1+ (E; + E,)/E, (19)

The parallel connection is shown in Figure 18.

The 3/2-power relation of current and voltage in electron tubes
causes a change in the voltage ratio (E; + E,)/E, for changes in cur-
rent amplitude requiring adjustment of the transformer ratio. This is
also true for frequency changes. The parallel feedback circuit, there-
fore, is of little practical interest.

Series Power Feedback (Booster Circuit)

Power feedback in series with the power source requires matching

Vi L
l/-’--\\ ! t
o_._.---}
N Be=
i'd .
o—|I|I|I
EB'

Fig. 18—Circuit with parallel connection for power feedback.

of average currents by adjustment of the transformer ratio. The
transformer is given a step-down ratio, n,/n, < 1, which is adjusted to
give equal plate currents I,, =I,, with linear operation. (Figure 19
(a)). After series connection of the secondary load terminals (i.e. the
storage capacitance C,) with the power source, the voltage Ep, of the
power source can be reduced to Ep’ = Ep — EB2 (Figure 19(b)). The
transformer ratio is: ny/Ny = I,,l/I,,2’ (20)

where I, is the current obtained with n,/n, =1.

The ratio is independent of current amplitude and frequency as the
circuit @ and wave shapes are substantially constant. Stability of
operation at all amplitudes is obtained by an essentially independent
screen-grid voltage. The circuit with series power feedback is, there-
fore, a practical step toward the ideal wattless deflection circuit and,
thus, deserves further discussion.

Adjustment of the transformer ratio is, in effect, a linearity con-
trol. A smaller step-down ratio giving I,, < I, with linearity before
series connection will cause overdamped operation after series connec-
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tion (Figure 19(c)) because Ibg is forced to equal the pentode-con-
trolled current I, (equivalent to a decrease of R in Figure 19(a)).

@

Ibp
UNDERDAMPED

1p 5 NORMAL

th
OVERDAMPED

Fig. 19—Circuit with series connection for power feedback; and, effect of
adjusting transformer ratio on linearity of current (i).

.
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A larger step-down ratio causes /,,> [, with linearity before
series connection, and after series connection, will give the under-
damped condition indicated in Figure 19(c).

Small errors in linearity in a circuit with fixed transformer ratio
can be corrected by adjustment of the grid-voltage amplitude or grid
bias on V.

The transformer should have slightly less step-down for this pur-
pose. As the current ratio is determined by the @ of the circuit, a
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Fig. 20—Practical circuits with power feedback for balanced and unbalanced
deflection-coil connections with 6AS7-G triode.

change in linearity will be observed when the power tube V, is made
to load the circuit during T, by reduction of its negative cutoff or peak-
ing voltage. It must be kept in mind that only a change of the peak-to-
peak to average current ratio will effect the linearity and when plate-
current cutoff is maintained during T,, bias or amplitude adjustments

on V, will, therefore, be ineffective in changing the linearity of circuit
operation.
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Table I—Operation characteristics for the circuit of Figure 20(a).

Horizontal
Deflection Frequency 15.756 KC 31.6 KC Remarks
Eg; (volts) ........... 315 350 316 360 The maximum
Es' (volts) ........... 350 382 490 520 f§§:°:,1°{‘5.7§"]:§’11;:
I, (amperes) ......... 0.175 0.195  0.135 0.14  cycles is approxi-
mately 380 per

I., (amperes) ........ 0.026 0.022 0.029 0.026 cent larger than
R, (ohms) ........... 625 1650 625 1650 At 81.5 kilocycles.
Total Plate Power Input

(watts) .......... 61 75 66 73 Is X E5'
Power Gain (watts) ... 6.1 6.2 23.6 238 I, (Es' — Es,)
Plate Power Efficiency

(per cent) ....... 10 8.4 36 33 (Es' —Es)/ES

This circuit property results in remarkable stability of deflection
linearity. The circuit is further unique in being capable of linear
operation at low and high frequencies; a large frequency change in
circuits with booster triode requires only proportional changes of
capacitance in the grid-voltage generating circuits (C; and C, in Fig-
ure 20(a)) to maintain normal grid-voltage wave shapes.

At low frequencies or small amplitudes, the booster rectifier tube
V, consumes power from the supply Ep, because the inductive voltage
E,, is smaller than the tube drop E,, thus causing Ep, to be negative.

At high frequencies or large amplitudes, the inductive voltage
becomes large; E,, is, therefore, positive, automatically meeting the
requirement for increased plate supply voltage on V,. This action pro-
tects the power tube V, against excessive plate dissipation when the
grid signal is removed since the voltage Ep, has a moderate value.

The step-down ratio of practical circuits varies between 1.4 and
1.7 according to the @ value. It is further increased in circuits where
part of the boosted power is utilized for light external shunt loads,
such as discharge circuits. The value of the inductive load has little
effect (none for zero leakage reactance) on the transformer ratio and
is determined by retrace-time considerations as in normal circuits.
The voltage boost E'p, = E';, — E., however, increases with load induc-
tance, deflection frequ-ency, and deflection current (see Equation (12)).

Examples of practical high power circuits for balanced and un-
balanced deflection-coil connections are shown in Figures 20 and 21.
Operation characteristics for the circuit of Figure 20(a) are given in
Table I. Grounded deflection coils require impedance coupling or an
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isolated winding parallel with the V, winding (2 wires at the same
time) to eliminate leakage reactance.

Excitation of a focus coil (for kinescopes) can be obtained by a
series connection, as indicated in Figure 20(a). Adjustment of excita-
tion by a shunt resistor will not disturb the operation of this circuit.

The efficiency of practical circuits depends on the availability of
electron tubes with low plate-voltage loss (£; and E,) and the con-
struction of efficient transformers and deflection coils. The table in
Figure 20 shows that efficiencies up to 33 per cent have been obtained
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L’ = 5 millihenries (deflection coil
windinf): T,=1Li1 and Ls wound
parallel (429 Formex) serles-con- A,
nected as shown to obtain tight Ry o

coupling with permeability tuning.
L1 = 2 to 7 millihenries

Turns ratio of L,/La=1.6
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¢ s
C: = 0.05 microfarads; R, = 500 2 l iy i
ohms variable
Ci1 = 0.015 microfarads;
i
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Circuit (b) combines Cy and Cs, but is restricted by capacitive
ug to higher Q-values and more critical operating conditions
(Class B) than circuit (a). Ratio C,/C, adjusts stepdown.

Fig. 21—Circuit with power feedback and controlled triode.

with 6AST7-G booster triodes and conventional transformer designs.
The efficiency of the diode circuits (Figures 21(a) and (b)) is similar,
as the power dissipation in R, is compensated by the somewhat lower
power dissipation in the diode. The measured plate voltage boost
Ey —E;, is higher; the effective boost, however, is reduced by the
voltage drop across Z which varies from 1/2 peak-to-peak voltage
(ET/2) for R, =0 to nearly peak-to-peak voltage E for large R, values.

SwitcH CIRCUITS WITH POSITIVE RESISTANCE

The generation of linear sawtooth currents requires the closed-
switch circuit to have the characteristic of a negative resistance — R.
It has been shown that circuits with a diode (Figure 7) can function
as — R by inefficient operation with a large circulating current, or
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with good efficiency by plate voltage control with auxiliary transformer
(Figure 14). Switch circuits with decreasing diode current and plate
voltage (V) or with increasing plate voltage on V, have a positive
resistance. Linearity is, therefore, not obtainable with many circuits
although good current efficiency (i) is possible.

One type of circuit utilizes the grid and cathode of a triode power
tube V, as a diode (V,) by means of transformer coupling in a self-
excited circuit.® Plate and grid currents are controllable by varying
the space potential in the control-grid plane. The desired change in
current distribution, i.e., a rising plate current and decreasing grid
current, however, requires a rising plate voltage and, hence, a positive
resistance characteristic of the switch circuit. Since the inductive
voltage E';, must decrease during T,, current linearity is not obtainable
in the particular circuit without auxiliary potentials.

\E

A

A, R KINESCOPE \\
J_l 4 =

PATH OF AxiaL
ELECTRON IN BEAM

Fig. 22—Path of electron beam through transverse deflection-coil field of
kinescope. (m=—mncosa; n=1r/sin a; A, =m+n=r (14 cosa)/sina).

Because of difficulties in maintaining stable grid characteristics,
it is, in general, undesirable to operate small electron tubes having
oxide-coated cathodes with heavy grid currents.

DESIGN CONSTANTS FOR KINESCOPE DEFLECTION SYSTEMS WITH
MATCHING TRANSFORMERS

Transformer ratios other than those given for the circuit with
power feedback may be desirable because of preferred tube or circuit
operating conditions. The evaluation of numerical constants is neces-
sary to indicate the range of currents and voltages in practical circuits
and to indicate desirable constants for the electron tubes.

3 Sawtooth current oscillations (non-linear)—
(a) T. H. Mulert and H. Baehring; Transformator-Kippgeraete
Hansmitteilungen der Fernseh AG; Vol. 1, No. 3, pp. 82-88,
April, 1939.
(b) L. R. Malling; Triode linear sawtooth-current oscillator Proc.
LR.E., Vol. 32, No. 12, December, 1944.
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Deflection coil constants

The electron beam in a kinescope passes through the transverse
deflection-coil field of intensity H (see Figure 22) with the volt velocity
E (anode potential). H=04=NI/l, (21)

In a magnetic field of constant intensity, the electrons follow a circular
path with the radius p=333VE/H (22)

The transverse field must be limited to a depth A, to obtain an electron
path leaving the field at a distance r from the axis at an angle e. The
field depth A, below the neck junction is limited to

Ao=7 (1+cosa)/sina (23)

The radius » (Figure 22) must provide clearance for beam thickness
and glass neck tolerances.

With p =A/sin « from Figure 22, Equations (21) and (22) yield
an expression for the ampere turns required for beam deflection over

the angle as follows: NI, =2.651[,sinea VE/A (24)
The inductance of this winding is 1, = 4 N24/1, 10° (Henry) (25)

Equivalent dimensions for use of Equations (24) gnd (25) with prac-
tical coil designs are shown in Figure 23 where

l, = air-gap length or inside diameter of iron shell in centimeters
A = equivalent coil length in centimeters
A = d X A = average cross section of flux in square centimeters

The coil winding is given approximately a constant number of turns
per unit of projected length (I’). Modifications in field strength over
the neck center or at the coil ends may be required for obtaining a
rectangular trace on the kinescope screen depending on its radius of
curvature and on the coil leakage field. (A large screen radius requires
an increased effective length A == 1.2 A, for 55-degree angle kinescopes

The equivalent coil field length changes inappreciably when the
coil ends are folded up (Figure 23). Folding at the front end, however,
permits an increase of winding length and pole-face length in the
direction of the kinescope screen for a given value A, and results in
an increased effective length A =~ 1.2 A, for 55-degree angle kinescopes
(a =27.5 degrees). The following calculations for a 55° deflection
angle were made before the current 50° deflection angle was adopted,
but they serve equally well to illustrate the method.

Folding of the back end does not permit a further change of length;
it only shortens the coil physically. The leakage-field shape obtained
with folded coil fronts reduces defocusing of the beam at large angles
« and is, therefore, highly desirable.
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When the design constants for wide-angle kinescopes are a« = 27.5
degrees, r=1.27 centimeters, Equation (23) furnishes A,=5.18
centimeters and with folded coils A = 6.2 centimeters. The practical
coil assembly (Figure 23) furnishes |, = 6 centimeters and employing
Equation (24) the required ampere-turns for the half-angle are deter-
mined as follows: NIrs)=118E (24a)

d= MEAN DIAMETER
OF WINDING

Ao
* 3
—p—---1-
o7} i FOLDED COIL END
bt x 1 x !
N vy
T V( - j —— _
A=A gtx
WINDOW

I

N —

Fig. 23—Cross-sectional views of practical coil for magnetic deflection.
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The value obtained by Equation (24a) must be multiplied by two for
the peak-to-peak deflection over the full angle 2a.

The line length on the kinescope screen is approximately 83 per cent
of the nominal tube diameter for present curved-face tubes. A picture
size with a diagonal equal to the nominal tube diameter D, requires
the deflection length H = 0.8D and V = 0.6D for a 4:8 aspect ratio. This

furnishes NIy — osp) >=2.28 B* (24b)
and similarly NI, _ gon = 1.95 Bt (X, is shorter for vertical coils.)

For obtaining good @ values at the retrace frequency f,=1/2T,, the
reduction of eddy-current losses in copper and iron requires small wire
diameters in both windings and the iron shell as shown by Table II.

Table 1I—Q-Measurements on Horizontal Deflection Winding at

87 kilocycles.
Test No. Wire Size L(mh) Q Condition of Test

il gooooanaoo #29 SSE 4.42 50 H-winding by itself, no
iron.

2 cocaocooaa “ 5.2 8 H-winding inserted in
heavy wire vertical
coils with iron wire
shell.

&) 0000000000 « 6.2 10.7 H-winding in fine wire
vertical coil  (#29)
with iron wire shell.

4 e @ 4.8 5.8 Same as (3) but con-
nected to transformer
secondary.

Transformer Ratio and Electron-Tube Characteristics

The capacitance C, of the deflection system is the sum of the cir-
cuit element capacitances or their reflected values. It determines the

Table 11]—Estimated value of circuit element capacitances.

Circuit Element C (micromicrofarads) Remarks

Deflection coil ............. 60-80 with short leads

Plate of Vi (Cs) .evvvnieesn 10 with top cap connector (807)
Plate of Va(Cs) ....vovnvn. 20-40 with associated grid circuit

V. filament transformer.... 25 used only for direct coupling

Transformer or choke ...... 20-50 depending on winding method
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permissible inductance L, of the system for a given retrace time
(Equation 1). The circuit capacitances vary considerably with manu-
facturing and assembly methods. Estimated values are given in
Table III.

The resultant effective capacitance C, for the two extremes of
capacitance in Table III and the inductance L, have been computed for
various transformer ratios between V; and V, for a normal television
retrace time T, = 6 microseconds and scansion T, =58 microseconds.
Maximum and minimum values of C, are given in Table IV.

The deflection coil current (%; +%,) is computed for NI =228 as
given by Equation (24b) for E = 10 kilovolts. The load constants for
the tubes V, and V, are computed for the transformer network given
in Figure 24, and include, therefore, a 10 per cent exciting current

r OSLy O5Ly

EQUIVALENT CORE |
RESISTANCE LOSS 3

P

20—

Fig. 24—Transformer network withdr‘(;presentative load constants for V,
an 2.

and the effects of a 5 per cent leakage reactance per winding. The
average plate currents are approximately I, >~ 0.45%, and I, =~ 0.4 ..

Power Tube Characteristics and Supply Voltage

Table IV establishes the characteristic requirements for circuit
elements and power tubes (V; and V,) as a function of transformer
ratio. Pulse voltage (é,), plate current (i,”), and effects of yoke
capacitance decrease with increasing step-down ratio. The pulse volt-
age é;, however, increases and in practical circuits it is often 25 per
cent higher than given because of sectional resonances. The power
tube requires, therefore, a top cap plate connection. Practical designs
without power feedback may correspond to the higher capacitance
values (2nd half of Table IV) which require higher currents and lower
voltages. Designs with power feedback require a small step-down
ratio to the tube V,. The supply voltage E,, min in the last column
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Table V—Characteristics of low-mu twin power triode 6AST7-G.

Electrical Characteristics:
Heater, for unipotential Cathode:

Voltage (a-¢ or d-€)...ovvvieeienneennnn 6.3 Volts

CUTTENL o cvevevencnensosnsssenassnsssns 2.6 .... Amperes
Mechanical Characteristies:
Mounting Position ..........cooiiiiiiiiiiiiiiiiiiiiiie e Any
Maximum Overall Length 5-5/16 inches
Maximum Seated Length ........ocoiiiiiiiiiiiiieinen 4%, inches
Maximum Diameter .........civiteieunrerecntraeaasonnnns .1/16 inches
BUID .vvvvvveeeennaonnnnaaeessonanusnassssssonsaansaastsosnses ST-16
BASE . ovvveronnenrrasansanstiannesstatranes Medium Shell Octal 8-Pin

D-C AMPLIFIER

Values are for each unit

Maximum Ratings, Design-Center Values:

Plate Voltage ........cooveeneaiiincnienes 250 max. .... Volts
Plate Current .......ccoevvieaercanroecanes 125 max. .... Milliamps
Plate Dissipation .......ccoccvviieeiinniann 13 max. .... Watts
Peak Heater-Cathode Voltage:

Heater negative with respect to cathode. .. 300 max. .... Volts

Heater positive with respect to cathode.... 300 max. .... Volts
Characteristics:
Plate-Supply Voltage ........cocvieeeinnnnns 136 cens Volts
Cathode-Bias Resistor .............oooevnnn 2560 v Ohms
Amplification Factor ..........ccovivveeeann 20 ciieeeeeaes 5000
Plate Resistance .........ccoeeveeennenercnes 280 5000 Ohms
TransconductBNeEe .........c.oceecesrenesanans 7000 .... Micromhos
Plate CUTTENEt ...cvvvrervvancnaeanscannones 126 .... Milliamps

Maximum Circuit Values (for maximum rated conditions) :

Grid-Circuit Resistance:
For Cathode-Bias operationt ............ 1.0 max. .... Megohm
BOOSTER SCANNING SERVICE
Values are for each unit

Maximum Ratings, Design-Center Values:

Peak Inverse Plate Voltage® ................ 1700 max. .... Volts
Plate Current .........eeeecvereesssoassses 126 max. .... Milliamps
Plate Dissipation .........cceiieeieiiiiennn 18 max. .... Watts
Peak Heater-Cathode Voltage:
Heater negative with respect to cathode. .. 300 max. .... Volts
Heater positive with respect to cathode.... 300max. .... Volts

Maximum Circuit Values (for maximum rated conditions):

Grid-Circuit Resistance:
For Cathode-Bias operationt ............ 1.0max. .... Megohm

* The duty cycle of the peak inverse voltage pulse must not exceed 16%
of one scanning cycle and its duration must be limited to 10 mlcrosecoan.

+ Operation with fixed bias is not recommended.
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is approximated for normal transformer and coil resistances by
Ebb min =3 El + 1.15 ELI (26)

E, is the peak-current tube-drop in an 807 power tube. Experience has
shown that further allowances in voltage must be made for blanking
margins, for variation in tubes to reduce screen-grid dissipation, and
for a self-bias voltage which raise E,, min by approximately 20 per
cent.

Booster Triode Characteristics

To meet the characteristics and requirements outlined here for a
booster tube, the 6 AS7-G was developed. This tube was designed by
the author and produced during the war for use in military television
and radar equipment. It is now available and has been successfully
utilized in the type of circuits suggested for magnetic deflection in this
paper. Its characteristics are given in Table V (see preceding page.)



INTERCARRIER SOUND SYSTEM
FOR TELEVISION*{

A Report
By

INDUSTRY SERVICE LABORATORY, RCA LABORATORIES DIVISION,
NEw York, N. Y.

Summary—This paper describes a television sound recciving system
known as the intercarrier sound system. Broadly it differs from conven-
tional practice in two respects. The heterodyning frequency which deter-
mines the sound intermediate frequency is the video carrier. The frequency-
modulated beat between the sound carrier and the video carrier is not
separated from the video signal until just before the video signal is
impressed on the grid of the picture tube.

The intercarrier sound system appears to have advantages over the
method now used. However, there are certain disadvantages, the effects
of which have not as yet been completely resolved.

The performance of intercarrier receivers field tested in the New York
City area on channels 2, 4, and 5 has been satisfactory.

The intercarrier sound receiver i8 relatively immune to local oscillator
instability. Although its signal-to-noise ratio is theoretically lower than
that of the conventional receiver, in practice the signal-to-noise ratio of the
new circuit may be equal to, or better than, that of the conventional circuit.
The theoretical ratio of signal to noise 18 not always realized in the conven-
tional system due to inherent local oscillator instability.

A simplified intermediate-frequency amplifier may be employed in the
intercarrier receiver which is easier to build and align and which permits
a more economical receiver design at the expense of some resolution and
adjacent-channel rejection.

However, before the intercarrier sound system could be used commer-
cially in home television receivers it would be necessary to amend the
standards for television transmitters to insure that the carrier amplitude
during transmission of a white picture not fall below ten per cent of the
value of the unmodulated picture carrier during the synchronizing time. It
is also mecessary that, at the transmitter, the degree of spurious phase
modulation of the video carrier due to amplitude modulation by picture
information be held to a sufficiently low level to avoid spurious audio output
at the receiver. The degree of phase modulation present on the picture
carrier of the transmitters now operating on the lower channels in New
York City is sufficiently low. However, it is possible that when transmitters
are operated on the higher channels, difficulties may arise from this source
due mainly to transit-time effects in the power amplifier stages.

THE CONVENTIONAL SYSTEM

The individual high-frequency signals comprised of the video

FIGURE 1 shows in block form the conventional television receiver.
carrier, amplitude modulated by the video signal, and the audio

* Decimal Classification: R583.5.
+ Written in September, 1947.
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SOUND SOUND 'AWIO
mn“-’iu- oETECTOR AMPLIE R

Fig.1—Conventional
ricTme Voo l thw television receiver.
L#, oETECTOR APLRER
AR

carrier, frequency modulated by the sound signal, are heterodyned with
the high-frequency local oscillator in the mixer. The difference fre-
quency between the local oscillator and the video carrier is impressed
upon the video intermediate-frequency (i-f) amplifier. It is next
demodulated by the video detector, further amplified by the video
amplifier, and then impressed upon the kinescope grid.

The difference frequency between the local oscillator and the fre-
quency-modulated sound carrier is impressed upon the sound i-f ampli-
fier. After amplication, the frequency-modulated i-f sound carrier is
applied to a frequency-modulation (FM) detector. The audio output
of the detector is amplified and fed to the loud speaker.

THE INTERCARRIER SYSTEM

The intercarrier sound system is shown in block form in Figure 2.
In the mixer stage the picture and sound carriers are heterodyned by
the local oscillator. Both i-f carriers and their side bands are simul-
taneously amplified in the single i-f amplifier, and are demodulated by
the video detector. The output of the video detector is further amplified
by the video amplifier. The video signal is then separated from the
frequency-modulated intercarrier beat, and is fed to the kinescope
grid. The frequency-modulated beat is further amplified and applied
to a ratio detector. For all but the lowest contrast levels the amplifier
operates in overload so the audio output is essentially independent of
the setting of the contrast control. The output of the detector is ampli-
fied and fed to the loud speaker.

It may be seen that in the conventional system the high-frequency
signal that beats with the FM audio carrier to produce the sound i-f
is generated locally in the receiver whereas in the intercarrier system
the high-frequency signal that beats with the FM audio carrier to

Fig. 2—Intercarrier

. oo
recetver. [ ] mr [
ANPLIFIEN
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produce the sound i-f is the picture carrier which is generated at the
transmitter.

In order to evaluate the theoretical merits of the two systems it is
necessary to examine the effects of changes in frequency and amplitude
of the high-frequency heterodyning oscillator on the operation of a
conventional FM receiver.

CONVENTIONAL RECEIVER CONSIDERATIONS

Frequency drift of the high-frequency oscillator in an FM receiver
causes a departure of the frequency of the unmodulated i-f carrier from
the center of the discriminator characteristic. If the frequency drift
of the high-frequency oscillator, combined with the instantaneous
frequency deviation of the FM carrier due to modulation, causes oper-
ation over a nonlinear portion of the discriminator characteristic, audio
distortion results. If the drift of the high-frequency oscillator is in
excess of one half the peak separation of the discriminator, the sound
will either be lost or will be badly distorted.

Spurious phase and frequency modulation of the high-frequency
oscillator in an FM receiver is passed through the i-f amplifier as
additional phase or frequency modulation of the carrier, and is demodu-
lated as such by the discriminator, giving rise to spurious audio com-
ponents in the loud speaker. Hum modulation of the high-frequency
oscillator and frequency modulation produced by microphonics and
acoustic feedback (from the speaker to various frequency-determining
elements in the oscillator) are examples of this.

Thus, in the case of the conventional television FM receiving system
the lack of frequency stability of the local high-frequency oscillator
results in deterioration of the sound.

The degree of frequency instability in the high-frequency oscillator
of the home television receiver is known, being primarily governed by
economic considerations. If cost were no consideration, frequency
instability could be reduced to an inconsequential degree by the use,
for example, of quartz crystals. The amplitude of the local high-
frequency oscillator is usually sufficiently constant to contribute no
degradation to the sound channel. a

INTERCARRIER RECEIVER CONSIDERATIONS

If the amplitude of the local oscillator is very large compared to
that of the signal, the amplitude of the beat frequency is nearly inde-
pendent of the amplitude of the local oscillator. However, if the ampli-
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tudes of the signal sources that produce the beat are commensurable,
the amplitude of the beat frequency is a function of the amplitude of
each signal. An FM receiver is insensitive to amplitude variations of
the i-f FM carrier provided these variations are not in excess (chiefly
in the negative direction) of any limiting action that may be obtained
or of the capabilities of the ratio detector. However, amplitude varia-
tions of the i-f FM carrier may be converted into spurious phase
modulation in an FM receiver, and as such will be demodulated by the
FM detector, producing spurious audio components not present in the
originally transmitted sound.

In the case of the intercarrier sound system, deterioration of the
sound signal may be caused by changes in amplitude of the hetero-
dyning oscillator (the video carrier which is amplitude modulated by
the picture information). The power ratio of the sound to unmodulated
video carriers of television transmitters is fixed by the Federal Com-
munications Commission (FCC) at between 0.5 and 1.5. Moreover,
the frequencies of the video and sound carriers of a particular channel
are sufficiently different to be subject to different degrees of attenua-
tion over the propagation path due to multipath, sporadic E, tropo-
sphere, temperature inversions, reflection, and F. on the lowest channel.
This indicates that even if a fixed ratio between the unmodulated levels
of the sound and picture carriers were standardized at the transmitter,
substantial variation from station to station at a particular receiving
antenna would be experienced. Variations in this ratio from receiving
site to receiving site on a single channel likewise would be present.
Therefore, it is necessary that the sound carrier be attenuated substan-
tially below the picture carrier in the i-f amplifier in order to insure
that the residual amplitude modulation on the sound i-f carrier due to
picture modulation will be sufficiently low to be removed by the detector
circuit and will not produce spuricus phase modulation of the sound i-f.

In the sound channel of the intercarrier sound receiver the equiva-
lent sound intermediate frequency is the beat between two carrier
frequencies which are accurately controlled at the transmitter and
therefore is unaffected by frequency variations of the local oscillator
of the receiver. However, amplitude modulation of the video carrier
by the picture information can give rise to spurious phase modulation
of the video carrier at the transmitter. This, of course, will introduce
spurious phase modulation into the sound i-f and cause spurious audio
components in the loud speaker.

The degree of amplitude variation of the sound i-f that would be
experienced in an intercarrier sound system is a function of many
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variables. If the depth of modulation of the video carrier when trans-
mitting maximum white is never to fall below, say ten per cent; if the
phase shift of the video carrier at the transmitter due to picture ampli-
tude modulation is held to a sufficiently small degree; if by proper
design in the receiver the degree of amplitude modulation of the fre-
quency-modulated sound i-f carrier is kept low enough to be ignored
by the detector circuits; and if the spurious phase modulation of the
i-f carrier due to these amplitude variations is sufficiently below the
normal sound level; then the intercarrier system has considerable
merit.

With these considerations in
mind, an investigation of the inter-
carrier system was begun at this
laboratory some time ago.

PICTURE
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Fig. 3—I-f characteristic of Fig. 4—Realignment of m-derived
conventional receiver. amplifier for intercarrier operation.

EXPERIMENTAL INVESTIGATION OF THE INTERCARRIER SOUND RECEIVER
Initial Investigation

The frequency response of the i-f amplifier of an intercarrier sound
receiver must differ from that of a conventional receiver. In Figure 3
is shown the familiar i-f characteristic of the conventional receiver. A
receiver, using m-derived i-f transformers was modified for the initial
investigation. The sound i-f amplifier was removed from the receiver,
and the lower frequency parallel resonant “trap” in each of the first
four i-f transformers was tuned one megacycle lower (to 20.6 mega-
cycles). This provided'the overall i-f band pass at the output of the
fourth i-f transformer shown in Figure 4a. The tuning of the fifth
i-f transformer was not changed; its frequency characteristic is shown
in Figure 4b. The overall frequency of the modified i-f amplifier is
shown in Figure 4c. A one-megacycle-wide plateau for the sound, down
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in amplitude some 20 decibels below the maximum is obtained. This
shape was felt to be desirable in order to insure that the level of the
sound carrier would not change as the receiver tuning was varied over
the range that would provide a picture of good definition.

The primary of a 4.5-megacycle double-tuned i-f transformer was
inserted between the plate of the last video-amplifier stage and its load
impedance. The primary was designed so that in conjunction with the
high-frequency peaking employed in the plate-load impedance of the
last video stage it provided almost flat response at the kinescope grid
out to the sharp dip at 4.5 megacycles. The secondary of this trans-
former fed a 4.5-megacycle amplifier stage operating in overload. The
amplifier drove a ratio detector.

Further investigation disclosed that while this arrangement is
entirely suitable for use with the intercarrier sound system it is un-
necessarily complex.

Simplified Receiver Design

An i-f amplifier having a frequency characteristic as shown in
Figure 5, and a video amplifier having a series-resonant trap connected
between the plate of the video-amplifier tube and ground was found to
provide equally good results except
for a somewhat narrower video pass
band. The i-f characteristic of Fig- [}
ure 5 was obtained from an ampli- "=
fier employing four stages using
6BAG6 tubes and five stagger-tuned
circuits, no i-f traps being em-
ployed. The 4.5-megacycle sound |} -
i-f takeoff is a tap on the trap. ™[ i
This combination 4.5-megacycle
trap and sound takeoff circuit is
shown in Figure 6. C, is of the
order of one micromicrofarad and | Hi EEEiSEEED
L, is designed to be series resonant s e

FREQUENCY — MEGACYCLES

with C; and the stray capacities to Fig. 5—Symmetrical i-f amplifier.
4.5 megacycles.

The pass band of the i-f amplifier of the intercarrier sound receiver
shown in Figure 5 is seen to be essentially Symmetrical. Hence the
picture carrier may be placed on either side of the pass band, at either
A or B (Figure 5), which places the sound carrier at either a or b.
This permits placing the local high-frequency oscillator on either the
high- or low-frequency side of the incoming signal. On certain of the
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television channels this may reduce image or oscillator radiation inter-
ference. By operating the local oscillator on the low side on the higher
television band (channels 7-13) a reduction in oscillator drift on this
band is obtained. Since the sound channel of the intercarrier sound
receiver is relatively immune to oscillator instability, the requirements
on local osecillator stability are determined by a consideration of the
characteristic of the video channel. The less rigid requirements of the
video channel, coupled with the reduction in oscillator drift on the
higher channels effected by operating the local oscillator on the low-
frequency side of the incoming signal, may make it possible to dispense
with the usual manually operated oscillator trimmer.

The Video Amplifier

The video compensation between the second detector and the grid
of the video amplifier must be designed to pass the 4.5-megacycle beat
energy. As a practical compromise between gain and bandwidth it

I KINESCOPE GRID

Fig. 6—Combination
4.6-megacycle trap
and sound take-off.

LASY VIOEO

PLATE, ¢,

L '
4.9 Mc JF,

+B

has been found satisfactory if the attenuation is as much as 6 decibels
at 4.5 megacycles. If more than a single video-amplifier stage is em-
ployed between the detector and the second i-f takeoff point, the com-
bined attenuation of the detector compensation and the interstage
peaking may be 6 decibels.

When noise clipping is incorporated in the video amplifier, precau-
tion should be taken to avoid clipping of the video synchronizing pulses
for the maximum setting of the contrast control that provides a usable
picture. If the amplitude of the synchronizing pulses is sufficiently
high to swing the control grid of the video-amplifier tube beyond plate-
current cut-off, severe 60-cycle buzz output from the sound channel
results. This condition may be avoided by taking off the 4.5-megacycle
beat at the second detector.

The Sound I-F and Detector
The circuit of the sound i-f, detector and first audio stage is shown



INTERCARRIER SOUND FOR TELEVISION 145

in Figure 7. C, is of the order of one micromicrofarad in order not to
affect the gain of the video amplifier below 4.5 megacycles. L, is
resonant at 4.5 megacycles with its distributed capacity, the capacity
of C, and the stray capacities. The grid of the 6BA6 is tapped down
on L, to lower the impedance in the grid circuit of the 6BA6 below the
point at which the tube will self-oscillate due to grid-plate feedback.
The impedance in the plate circuit is made as high as possible so that
the 6BA6 will be operating under conditions of plate voltage overload
with as small a signal as possible applied to its grid. Then for all
signals at the grid above this level the 4.5-megacycle output does not

change.
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Fig. 7—Circuit diagram of 4.5-megacycle amplifier and detector.

The detector is a ratio detector.! Since the audio output is approxi-
mately 2.5 volts root-mean-square for 25-kilocycle deviation, a voltage
amplifier must be used between the detector and the output stage. To
afford tube economy a 7X7 combination ratio detector and first audio
amplifier is used.

Construction of the ratio detector transformer is shown in Figure
8. In the design of the transformer the coupling between L, and L,
and the values of C, and C; were adjusted for minimum amplitude
modulation (AM) response to a signal which was deviated 25 kilocycles

1S, W. Seeley and J. Avins, “The Ratio Detector,” RCA Review, Vol.
XII1, No. 2, pp. 201-236, June, 1947,
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with FM and simultaneously modulated 30 to 40 per cent with AM.
For this test, the system was operated below the level at which the
driver overloaded. If the transformer is not duplicated exactly these
" values may require adjustment. If a tube type other than 7X7 is
employed the design of the detector stage must be modified. The full
voltage gain of the triode section of the 7X7 is not required and the
excess gain may profitably be used for negative feedback.

GENERAL CONSIDERATIONS

The level of the sound carrier at the video detector must be main-
tained considerably below that of

o8 te T et the picture carrier. If the levels are

o1 T of substantially equal amplitude
E
o s o ¢ Mowo e s the picture is unusable. In addition
38 7= i Ye CAM 69/78 GEARS .
= SLUG TUNED. to the 4.5-megacycle intercarrier
beat there are present numerous
seconoany: o Fome heterodynes caused by beats be-
20 T BIFILAR g—" BAXELITE . .
(401, TOTAL) 5 ) tween the picture side bands and
eapceuneser, 3 ERER . L o0, . .
Cuose woo RS o 3. the sound carrier. Under certain
PRIMARY © . 22" "

e R e conditions there may even be an
i _l_‘_’. swe: q .
’,‘.;','.‘:','“ i - 3 9¢ 0.0 apparent reversal in modulation

T = £
S e ¢ &Y. polarity. Furthermore, the ampli-
ELECTRICAL TAPE 3‘;:: :|5-K|;°!: X
COLD END OF PRIMARY. o, tude of the 4.5-megacycle beats is

comparable to the video informa-
tion and produces a cross-hatch
effect. Field experience, using the
currently operating New York Sta-
= B tions, has indicated that the above
o | s described effects on the video chan-
= nel do not materially degrade the
A e s pfcture if the s.ound carrier at the
Fig. 8—Construction of 4.5-mega- video .detector 1s. 14 decibels bfalow
cycle trap inductance and ratio de- the picture carrier or 20 decibels
tector transformer. below the maximum gain of the i-f
amplifier.

From a consideration of the requirements of the sound channel a
somewhat lower ratio of sound to picture carrier is advantageous.
The desirability of adjusting the audio-carrier amplitude to a substan-
tially lower level than the video carrier, as indicated by an analysis
of the effects of changes in their amplitudes on the amplitude of the
resultant beat frequency has been discussed previously. The resultant
(4.5 megacycle) heterodyne will be amplitude modulated by the video
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to a much less degree than the depth of the video modulation if the
amplitude of the sound carrier is of the order of one half or less of the
minimum amplitude of the video carrier during downward modulation.
The present FCC requirement regarding modulation capabilities of °
television picture transmitters is that the amplitude of the picture
carrier when transmitting maximum white may not be more than 15
per cent of the picture-carrier amplitude when transmitting synchroniz-
ing pulses. If this were amended to include “nor less than 10 per cent
of the picture carrier amplitude when transmitting synchronizing
pulses”, the amplitude of the sound carrier then should be attenuated
in the intercarrier sound receiver to between 7.5 and 5 per cent of, or
28 to 26 decibels below, the maximum picture carrier amplitude. While
the FCC requires that the power of the sound carrier be 50 to 150 per
cent of the power of the picture carrier when transmitting peak syn-
chronizing pulses, it appears that the various television stations are
employing unity ratio between sound and maximum amplitude picture
Fig. 9—Effect on audio output re-

sulting from transmission of a | ||] " [ 'Il]l”

white picture 100 per cent down- |1 | | ‘| J ]J]J

carrier.
- .
ward modulation of the picture ! h

carrier. e | IO———— _,‘ e I

In typical installations variations in r':ltative level of sound and
unmodulated picture carriers of the order of 10 decibels have been
encountered. The intercarrier sound receivers field tested by this
laboratory having the sound carrier attenuated 26 decibels below the
picture carrier (sound carrier 32 decibels below maximum gain of
i-f) provided satisfactory sound reproduction with this variation in
field strength.

For proper operation of the intercarrier sound system, it is neces-
sary that a white picture not result in zero carrier output from the
picture transmitter. If the depth of modulation during the transmis-
sion of white is 100 per cent, the intercarrier sound system becomes a
pulsed FM system with a duty cycle of 15/100 during the vertical go
time and an FM system with a unity duty ¢ycle during the vertical
return time. A sizable 60-cycle component in the audio output results.
The audio output when this condition was produced in the laboratory
is shown in Figure 9. This condition has never been experienced on
any of the field tests. However, the newer transmitters may be more
nearly capable of 100 per cent modulation, so that unless the minimum
carrier level is controlled, the performance of intercarrier receivers
may be unsatisfactory.

pe—
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Spurious Phase and Amplitude Modulation

The sound and picture carriers are located on the skirts of the i-f
amplifier characteristic. Since the sound carrier is frequency modu-
lated, this gives rise to spurious amplitude modulation of the sound
carrier at audio frequencies. However, the slope (Figure 5) is not
great, being always less than 10:1 for a frequency range of one mega-
cycle, and the =25-kilocycle maximum deviation frequency modulation
produces less than 2.5 per cent amplitude modulation. This spurious
modulation is removed by the ratio detector.

Placement of the picture carrier on a slope gives rise to spurious
phase modulation when the video carrier is amplitude modulated by
the picture information. It may be shown that the maximum resulting
spurious phase modulation due to 90 per cent negative video modula-
tion of the picture carrier is of the order of 0.03 radians for the case
of the highest audio frequency (15 kilocycles). One hundred per cent
modulation of the sound carrier at 15 kilocycles produces an equivalent
phase modulation of 1.67 radians. The spurious wave then will be
0.01795 of maximum audio. Since 75 microseconds deemphasis is em-
ployed in the audio section of the receiver the spurious output is
multiplied by a factor of 0.1415. At the loud speaker the spurious
level is 0.00254 or 52 decibels below 100 per cent modulation.

PERFORMANCE OF THE INTERCARRIER SOUND RECEIVER

Intercarrier sound receivers embodying these design considerations
have been field tested for a period in excess of one year in New York
City and on Long Island. Reception has been limited to channels 2, 4,
and 5 since there have been no stations operating in this area on the
higher channels. Results have been quite satisfactory.

In tests of one intercarrier sound receiver the consensus of a
critical audience was that the user would not bother retuning the
receiver despite overall variations in the local oscillator frequency of
1.4 megacycles. In a typical receiver employing the conventional sound
system, audio deterioration is usually experienced when the local
oscillator is shifted 75 or 100 kilocycles.

While the symmetrical i-f amplifier has a reduced bandwidth that
is discernible when viewing a test pattern, the reduction in resolution
is compensated by the simplicity that results.

The intercarrier sound receivers have been free from microphonics
and hum modulation, and manual adjustment of the oscillator trimmer
has not been required.
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Part 1
GENERAL CONSIDERATIONS
By

K. R. WENDT AND A. C. SCHROEDER

Summary—The general theory of automatic gain controls for television
receivers is discussed. Several specific circuits are described in detail with
the advantages and disadvantages of each.

INTRODUCTION

receivers as in sound receivers, and actually serves more useful
purposes in television than in sound. Manual gain adjustments
in a television receiver are annoying, and a non-technical person
experiences difficulty in learning to set the control properly, since the
optimum level for limiting and sync separation is not easily judged
from the picture contrast. Also, television signals may suffer from
violent fading due to passing airplanes. This can be reduced or elimi-
nated only by a fast AGC circuit. The use of an AGC not only provides
easier adjustment, but also may allow the simplification of portions of
the receiver, such as the sync separator, which would not be required
to operate over wide ranges of amplitude. A properly designed and
operating AGC makes the setting of the contrast and background
controls simple and infrequent. AGC has, however, been little used
because its design has not been sufficiently understood, and the early
circuits have not performed satisfactorily.
In a sound receiver for amplitude modulation, the signal which is
measured and which is held constant by the AGC, or AVC as it is called,

g. UTOMATIC gain control (AGC) is as important in television

* Decimal Classification: R583.5
¥ Reprinted from RCA Review, September, 1948.
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is the average carrier level. This is easily measured because the dc
output of the detector is proportional to the average carrier level. In
a television receiver it is the peak carrier level which must be held
constant by the AGC. This peak carrier level may be obtained by
measuring the voltage of the peaks of the synchronizing pulses at the
output of the detector, provided that the load of the detector has the
same dc as video-frequency impedance. The output of the measuring
device is then fed back to the intermediate-frequency amplifier in such
a way as to decrease the gain as the signal increases. Amplification of
the AGC signal may be obtained by amplifying the signal before peak
measurement or amplifying the dc output of the peak measuring
device, or both. In either case, the amplification must be de¢, and in
the former case it must also amplify video frequency. The AGC
measuring device consists of some detector, such as a diode feeding a
capacitor. Since this circuit receives information only during the sync
pulse, which is 8 per cent of the time, the capacitor must hold its
charge between pulses.

NoOISE CONSIDERATIONS

A simple peak detector, when used for television AGC, is quite sus-
ceptible to peaks of impulse noise. The noise is predominantly in the
black or increasing signal direction, and may be quite high as compared
with the signal. The peak detector then measures the noise height
rather than the signal height, and may reduce the gain of the receiver
to a small value, giving very unsatisfactory performance under noise
conditions which may be encountered quite often in outlying areas.
A poor AGC circuit may render unsatisfactory a picture which, with
a good AGC or manual control, would contain nothing more than nearly
unnoticeable short black streaks. Many devices, such as automobiles,
buzzers, electric shavers, etc., produce such interference. It is there-
fore important that AGC circuits be designed with noise immunity as
a primary consideration.

AGC SPEED

After a simple peak detector has responded to a noise peak, it can
return to normal only as fast as the capacitor may be discharged
through its associated resistor. The capacitor may be charged much
more quickly than it is discharged, since it is charged through the
low impedance video circuit and diode. The AGC thus normally is
quicker in responding to than in recovering from a noise peak, the
effect of noise peaks being thereby greatly extended.

It is desirable to have the AGC quite fast in order to have it follow
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fast fading, and to minimize the effect of noise. However, the vertical
sync signal interferes with fast operation. If the AGC is made fast,
it removes a considerable portion of the vertical sync signal and pro-
duces a transient following the vertical signal. The mechanism, briefly,
is as follows: The detector is not a true peak device. It must operate
with a certain area (voltage X time) of the sync extending into the
conduction region of the diode. The horizontal pulses are 8 per cent
of a line interval in width. The vertical pulses, however, are 84 per
cent of a line interval in width, and for the same height pulses approxi-
mately ten times as much current will be drawn during the vertical
pulse. To the AGC circuit this appears as an increased signal. In a
fast circuit the intermediate-frequency gain is therefore reduced during
the vertical until the average diode current approximates that drawn
during the horizontals. The vertical signal is thus reduced, or “pushed
into a hole” by an amount approximately equal to the height that the
horizontal pulses extended into the conduction region. It might appear
advisable to reduce this conduction area by increasing the diode resistor
so that it would require less power. Such operation is impractical,
however, due to noise. A small amount of noise power is then able to
take the control away from the signal. Nor is a limiter of much help
with such a peak-operated detector. If the limited noise extends beyond
the sync—and it must, in order to keep the limiter from destroying
the information as to the height of the signal—the gain of the receiver
will be reduced until the noise no longer fills the limiter. If the received
noise-to-signal ratio were 10 to 1, and this can easily be, the signal
would be reduced to approximately 1/10 the desired value by the AGC.
For noise immunity, therefore, the simple AGC detector must be of
relatively low impedance, and be energy operated, thereby using large
areas of the sync signal. This also means that the circuit can not be
made fast, due to the consequent loss of the vertical sync signal.

EArLY AGC CIRCUITS

The receivers used in the field tests conducted in the early 1930’s
contained a picture AGC circuit. It consisted of a diode peak detector
coupled directly to the video output of the second detector. The output
of this peak detector was amplified by a triode amplifier and applied
to the intermediate-frequency amplifier grids. The proper dc voltages
were obtained by operating the detector and the cathode of the dc
amplifier at about —50 volts and the plate of the amplifier at —3 volts.

» Figure 1 shows the AGC circuit in the field test sets. T:i is the
detector, T2 is the peak detector, and Ts is the dc amplifier.

The first TRK-12 had a similar AGC except that the peak detector
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Fig. 1—Field test AGC (early 1930’s).

was a triode in a cathode follower type circuit. Figure 2 shows the
AGC circuit in the TRK-12 where Ti is the detector, Tz is the peak
detector, and Ts is the dc amplifier. It was found necessary to remove
this AGC from these sets, partly to make room for a limiter which,
under noisy conditions, was more necessary than an AGC, and partly
because high peak noise caused the AGC to operate unsatisfactorily,
as explained previously. A peak of noise would cause the gain to go
down, and due to the long time constants in the circuits, appreciable
time was required for the receiver to return to normal operation. This
caused the picture to flash very badly in the presence of high peak
noise, which would otherwise have been almost unnoticeable.

In both the field test set and the TRK-12 a high peak of noise
charged C from a low impedance to nearly the height of the pulse;
C then had to discharge through the high impedance of the cathode
circuit of the peak detector.

BOTTOMS OF
-2 I.F. GRID LEAKS

T
680K /

Fig. 2—TRK-12 AGC.
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CIRCUITS WITH IMPROVED NOISE IMMUNITY

A satisfactory AGC must be immune to high peak noise. A limiter
is of considerable help in this respect, if used with an energy-operated
AGC detector. If the limiter cuts the noise down nearly to the level of
sync and the noise is narrower than the sync, which it nearly always
is, a detector which works on the energy in the sync peaks will be quite
immune to the noise. It must be emphasized here that such a detector
much be energy operated and use an appreciable area of the sync pulses.

Figure 3 shows a simple AGC circuit which has a limiter before
the AGC detector and which operates quite satisfactorily. Ti is the
detector, T2 is the limiter, T3 is the AGC detector, and T, is a glow
tube which brings the dc voltage down to the proper value to operate
the intermediate-frequency grids. In operation, the limiter T2 prevents

VIDEO AMP.

1.2 MEG. BOTTOMS OF \F
GRID LEAKS

-1
GAIN .5
CONTROL J_:

Fig. 3—Simple AGC with limiter.

currents flowing through the 3900-ochm load resistor of the detector
if the detected voltage is higher than ground. If the AGC holds the
peaks of sync at approximately ground, the gain can be varied if desired
by changing the output voltage of the detector for zero carrier. This
is accomplished by varying the potentiometer marked gain control.
The signal after limiting is applied to the grid of T, which is cut
off except when the signal approaches ground. In other words, T,
conducts only if the peaks of sync are near ground potential. The peaks
of sync then cause pulses of plate current to flow, which causes the
dc voltage at the plate of T; to decrease. The voltage at the supply end
of the plate resistor is adjusted so that with no plate current and just
the current through the series combination of the 1.2-megohm plate
resistor, the 991 glow tube, and the 330,000-ohm biasing resistor, the
voltage at the low end of the glow tube (the voltage applied to the
grids of the intermediate-frequency tubes) is zero. Then, when plate
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current flows through Tj; causing the plate voltage to decrease, the
voltage fed to the intermediate-frequency grids is also decreased by
the same amount, decreasing the intermediate-frequency gain. The
glow tube need not be of the selected, voltage regulator type, such as
the 991, but can be of the type ordinarily used for illumination.

Another means of improving the noise immunity is by means of a
double time constant arrangement.

As may be seen from Figure 4, this circuit uses one diode fed from
the last intermediate-frequency transformer. Bias is applied to its
cathode to delay the application of AGC bias until the video output is
sufficient for full contrast. Two time constants are used and account
for the improved performance obtained with this circuit over that
obtained from a long-time-constant peak detector as has sometimes
been used. R,C; form the first time constant which is relatively fast—
of the order of one picture line. R,C, forms the second time constant
and is much longer. It should not be less than 1/20 second. Because
of the short input time constant a relatively small amount of energy is

& R,

4
.
r'l‘

G Fig. 4—Double time
constant integration.

_”—

stored in C, and by the end of each line the voltage across it has
dropped to approximately the black level at which time C, is again
charged. R, and C, filter out both this ac component and the 60-cycle
component caused by the vertical synchronizing pulses. In the presence
of noise pulses C, is charged to approximately the peak amplitude of
the pulses, but because its capacitance is low the energy stored is small.
The ac component of this energy is removed by the subsequent filter,
and the dc component is so small that it affects the AGC output only
slightly. To operate in this ideal manner the R,C, time constant should
be of the order of four or five lines. However, it has been determined
empirically that the AGC voltage is not greatly affected by the picture
content if the R,C, time constant is made as short as one line. Because
the noise susceptibility of the system decreases as the input time con-
stant is decreased, the shorter time constant is more desirable. This
principle can be applied to advantage in many AGC systems.
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SIMPLIFIED FAST CIRCUIT

Due to the desirability of a fast-acting AGC for the elimination of
airplane fading, considerable work has been done in this direction.
In the foregoing discussion of fast circuits, in which it was shown
that the vertical sync signal was removed from the video, no mention
was made of the fact that in such a case the vertical sync signal appears
on the AGC control voltage. Attempts have been made to use this as
the vertical sync signal. Such a vertical is unsatisfactory, however,
gince its amplitude varies radically with the incoming signal. For
instance, a strong signal may provide very little vertical sync, since
the intermediate-frequency tubes operate near cutoff, and require very
little signal to change their gain appreciably. Also, the AGC voltage
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Fig. 5—Combined AGC and sync separator.

contains all the low frequency variations in the signal, such as that
from fading caused by airplanes, which makes proper use of the AGC
voltage as a vertical sync signal quite difficult.

It has been found possible to combine the operation of the AGC
detector and the sync separator in such a manner that a satisfactory
sync signal may be obtained with a fast circuit. The video signal still
has the vertical “in a hole”. However, the separated signal has in
effect the AGC signal added to it, as far as vertical sync is concerned,
and that which is lost from the video and appears on the AGC is added
to the separated signal to produce a normal separated signal.

Figure 5 shows a circuit of this type. Up to the grid of the video
amplifier the circuit is identical with the one previously described in
Figure 3. In Figure 5, however, Tg is the video amplifier which feeds
the grid of the kinescope. Since the grid of T; is de-connected to the
detector, the correct second detector de¢ information is available from
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Tg by making its plate circuit flat to de. This is done by simply choos-
ing the ratio of the plate filter resistance to the screen filter resistance
such that the ac amplification is equal to the dc¢ amplification, and
making the two time constants of the filters equal. The plate of T is
dc-connected to the grid of the kinescope so that if the AGC holds the
peaks of sync at a given level it will hold not only the gain constant
but also the black level on the kinescope constant so that there is no
need for an additional dc setter. The AGC which is connected to the
plate of T; is also the sync separator. The grid and cathode of T, act
as a peak detector and the detected voltage is dropped to the proper
level by the glow tube Ty in a similar manner to the previous circuit.
However, here the time constants are very much faster; in fact the
glow tube and series resistance to the intermediate-frequency grids is
by-passed for high frequencies by the 820-micromicrofarad condenser.
The plate of T, is kept low with respect to its cathode by the large
series resistance to 4300 volts (5 megohms) so that it acts as an
effective clipper. This allows only sync pulses to appear across the
plate resistor and after further clipping by Tg the sync is fed to the
automatic-frequency control (AFC) sync circuits. The sync appearing
at the plate of Tg has full amplitude vertical even though the picture
signal on the grid of the kinescope has its vertical “in a hole”. This is
because the grid of T,, which is the AGC output, has the signal on it
which puts the vertical “in the hole”. Therefore the grid to cathode
signal of T, has not lost the vertical sync.

This circuit, then, is a fast AGC circuit in which the disadvantage
of losing vertical sync is overcome. Arother incidental advantage is
that, since there is no coupling condenser to the grid of the kinescope,
capacity to ground on this lead is reduced, allowing greater gain or
bandwidth in the amplifier. Also the three functions of sync separation,
de restoration, and AGC, are all obtained with a tube which usually
only serves as sync separator.

KEYED AGC CIRCUITS

Another method of obtaining improved AGC performance is by
means of the keying principle. A keyed AGC system is one which is
turned on, or made sensitive, for only small intervals of time, usually
less than 8 per cent. A narrow pulse, occurring at horizontal frequency,
is used to key the AGC. The pulse is usually obtained from the local
horizontal oscillator, in which case synchronism must be established
for proper operation. The pulse may also be obtained from separated
sync, although this method is much inferior with respect to noise, since
noise peaks become keying signals which measure themselves.
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Keyed systems have several fundamental advantages. First, if the
pulse is 5 per cent, a theoretical advantage of 20 times in noise immu-
nity is obtained, since for 95 per cent of the time noise can not affect
the AGC. Although this full gain is not obtained, since small noise
pulses on a white signal do not affect a simple AGC, nevertheless a
considerable gain is realized. Second, the vertical sync information
is completely eliminated from the AGC, allowing it to be made as fast
as desired without impairing vertical synchronization, and, third, since
the speed of response may be made fast, the effects of rapid fading
are not only reduced, but the receiver quickly recovers from any
residual effects due to noise. :

The basic balanced type of keyed AGC is shown in Figure 6.
Many arrangements are possible, but the simplest, providing proper

KINESCOPE GRID
MUST CONTAIN
2ND DETECTOR D.C.

Fig. 6—Balanced A.G.C.
keyed AGC
detector.
~SUPPLY

2nd detector picture dc can be maintained to the kinescope, is the
arrangement shown, in which the AGC detector operates from the
maximum video signal. The keying pulses are supplied by the trans-
former shown, which may be driven by a tube, supplied with a pulse
from the horizontal blocking oscillator, or the horizontal output stage.
Alternatively, the two output windings shown may actually be wound
on either the horizontal blocking, or output transformer, with the
windings connected, of course, such that the pulses are of proper
polarity to drive the diodes into conduction. As the pulses drive the
diodes into conduction, capacitor C, is charged or discharged until
point A is brought to the potential of the video circuit during the time
of the pulse. The resistance-capacitance circuit across C; supplies
damping and prevents overall oscillation. The dc voltage at A is posi-
tive with respect to ground, and must be reduced by means of one or

'K. R. Wendt, “Television DC Component”, RCA Review, Vol. IX,
No. 1, pp. 85-111, March, 1948.
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FIRST PULSE

Fig. T—Oscillator transformer
wave form.

‘\;ECOND PULSE
more glow tubes, to a negative potential suitable for the AGC control
voltage. This AGC can be improved by following capacitor C, with a
dc amplifier, or a cathode follower, in which case there is no dc load
on C,.

This keying circuit is independent of the height of the keying
pulses, as long as they are sufficiently high to maintain the diodes open
between pulses for all conditions of video signal.

The keying pulses should be appreciably narrower than the 8 per
cent sync pulse in order to allow some variation in the phasing of
synchronization. Also, for the same reason, the pulse should occur in
the middle of the sync pulse when the synchronizing circuits are oper-
ating normally. For a triggered synchronizing system, this may be
accomplished by using the first of the two oscillator pulses, as shown
in Figure 7. For AFC synchronization, the second pulse may be used.
The location of the pulse, with respect to the synchronizing pulse, may
be varied in the AFC circuit by changing the delay in the sawtooth
signal fed into the AFC, or by changing the total width of the pulse
of Figure 7 by adding capacity across the oscillation transformer, or
by altering the inductance of the transformer.

This balanced circuit can not be used to key on the “back porch,”
in order to improve the dc restoration on the kinescope. This is due
to the fact that the vertical sync pulse occurs during the time normally
occupied by the “back porch.” Hence, wrong information would be
supplied to the AGC, and the vertical sync pulse would be practically
removed, with a severe transient occurring after it. This effect could
be made small by making the circuit very slow, but thereby losing, at
the same time, one of the advantages of keyed AGC.

SIMPLIFIED UNBALANCED KEYED AGC

In this arrangement a pulse in the black direction is added to the
signal, and a normal AGC peak detector is used, or the detector is
pulsed so that it “reaches down” to the sync signal only during the
pulse. If the pulse is added to the video, the sync separation must be
ahead of the AGC since the pulse would interfere with the separator.
Such a system has the following advantages:
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1. It has considerably increased noise immunity over a plain AGC,
especially if a limiter is used on the signal, and the pulse is made large
enough to maintain the AGC detector above the clipped noise peaks;

2. It may be made quite fast; and
3. It is somewhat simpler than the balanced type.

It also has these disadvantages:

1. It is very critical to pulse amplitude changes (any change in the
pulse amplitude is interpreted the same as a signal amplitude change) ;
and

2. It is faster in one direction than the other—that is, it is faster
in the increased signal direction, as is a simple AGC. (This limits its
noise immunity, since the effect of a noise pulse is prolonged, and, in
order to make it fast enough in the decreased signal direction, it must
be made very fast in the increased signal direction, and hence sensitive
to noise pulses of very small energy or area that may occur during
the keying pulse.)

EFFECT OF L0SS OF SYNCHRONISM

The keyed AGC can not operate satisfactorily when synchronism
has been lost. Depending upon the speed of the AGC, the pattern
becomes darker or entirely black. This is due to the keying pulse
attempting to hold at black the various portions of the picture upon
which it falls. However, either sync or the limited edges of blanking
are present to act as sync pulses. These tend to synchronize the
oscillator frequency in the normal manner, and when the oscillator
approaches synchronism or passes through the correct phase, normal
conditions are restored by the AGC, and the oscillator can lock in
properly. Although the pull-in range may be reduced somewhat by the
AGC, synchronizing systems have in practice operated normally and
satisfactorily in conjunction with keyed AGC systems.

SOME GENERAL CONSIDERATIONS

The Video DC Amplifier. Any AGC system for television must
maintain the 2nd detector dc information to the AGC detector point.
The most economical point for the AGC detector is at the kinescope
where the level is the highest. The easiest method of getting the 2nd
detector de to the kinescope is a de amplifier. Usually, the video tube
is a pentode, and some dc is unavoidably lost by the screen grid. As
explained previously, it is possible to introduce into the plate circuit
a low boost filter which can exactly make up this loss. The two filter
time constants should match. However, if the by-pass capacitors are
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reasonably large, and the screen does not have too high a resistor,
compensation becomes quite non-critical. Figure 8 shows such a circuit.
A limiter may be installed before the video tube, but care must be
taken to insure that the de signal is really maintained through the
limiter. A two-stage video amplifier may also be used, in which the
first tube acts as a limiter by being driven beyond cutoff. Such a limiter
ig not as sharp as a diode, but is satisfactory for operation with AFC
and keyed AGC.

Kinescope Operation with Second Detector de. Operation in this
manner is quite different from operation with a dc restorer. First,
the screen, in the absence of a signal, is white, with noise showing,
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Fig. 8 — Kinescope
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which is a definite indication that the station is not on. There is thus
little danger of forgetting that the set is turned on after the station
has signed off. If an unmodulated carrier is on, the screen is black,
which is again a definite indication not obtainable with a separate dc
restorer. This information is very helpful, especially if the contrast
and brightness controls need not be operated. Its chief advantage is
that the dc restoration for the kinescope can be made exceedingly
accurate, yet no tube or equipment is required other than the AGC.

GAIN AND FILTERING IN AGC CIRCUITS

In a sense, all television AGC circuits are keyed. In other words,
information as to the output voltage is received only during short inter-
vals of time. The control, of course, must be made to apply continuously.

The control voltage must therefore be integrated, or stored. This
involves filtering and delay. If the ac gain of the system is too high
it will oscillate. That is, the control voltage may be larger than needed,
which will not be measured until the next pulse, at which time an
opposite correcting voltage will be received, and the system will there-
fore oscillate. The gain of the system must be as low as possible for
frequencies higher than approximately 15 the keying rate, or line
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frequency. The gain below this frequency may be allowed to rise as
rapidly as possible; delays should be avoided.

The dc gain may be quite high. The flatness of the AGC is deter-
mined by the dc gain. If the dc gain is too high, however, any low
frequency delay, such as power supply filtering, may cause low fre-
quency oscillation or motor boating.

In general, for maximum AGC speed, as in all feedback circuits,
the filtering should all be in one place, which should be the capacitor
receiving the charge from the detecting device. This capacitor should
be by-passed by another larger capacitor, in series with a resistor,
called the damping resistor, which should be adjusted for maximum
stability. All other by-passing should be in the nature of intermediate-
or radio-frequency grounding, and should not cause appreciable delay.
The dc gain should be adjusted in accordance with the flatness or
economy considerations desired.

Part 11
A NEW FAST NOISE-IMMUNE TELEVISION AGC CIRCUIT
By
K. R. WENDT

Summary—A new inverted keyed AGC circuit has been developed, which
i8 fast enough to remove airplane interference, possesses very high moise
immunity, and is simple and non-critical. It requires 1 or 1% tubes, and in
addition restores the dc for the kinescope. The dc is automatically restored
with the blanking level as the reference. The sync height thus becomes
non-critical, and the noise limiter may actually remove a portion of sync
without an undesirable result.

INTRODUCTION

S EXPLAINED in Part I, television AGC rectifiers must be
A of the peak type, and since they operate on such a small area
signal, they become excessively sensitive to noise. Usual peak
rectifiers have two speeds: the response speed and the recovery speed.
The response is the fast speed, and the recovery the slower. The
response is caused by an increased signal drawing more rectifier cur-
rent, and, of course, the larger the increase in the signal, the more
the response. The slow speed of the circuit is its own recovery speed,
and applies whenever the circuit is not drawing current. A sudden
decrease in the signal will be followed only according to a resistance-
capacitance time constant and not at the speed of decrease of the signal.
Since the noise is usually in the increased signal direction, and the cir-
cuit is fast to respond to an increase in signal, the circuit is therefore
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fast to respond to noise and slow to recover from the effect of noise.
Keyed circuits are an improvement in this respect in that they are com-
pletely inactive between keying pulses. Therefore noise pulses between
the keying pulses have no effect upon the operation of the keyed circuit.
Furthermore, keyed circuits are fast in both directions, so that although
they may respond quickly to a noise pulse they also recover quickly,
thus reducing the effect of noise.

The circuit described herein has been called the “inverted keyed
circuit” because the response to signal is inverted over the previous
rectifier circuits in that it responds to a decreased signal rather than
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Fig. 9—Simplified schematic of inverted keyed AGC.

an increased signal. Furthermore, since it is keyed, no record remains
of noise pulses occurring between keying pulses. A noise pulse which
occurs during the time of the keying pulse usually appears as a sudden
increase of signal. The circuit completely ignores such a sudden
increase, and follows only in its slow speed. When the circuit returns
to normal, that is, when a normal synchronizing pulse arrives, the
circuit responds quickly in this decrease direction and promptly
returns to normal operating conditions. The circuit therefore responds
slowly to noise and recovers quickly from the effect of noise.

THE NEw CIRCUIT

The circuit which accomplishes this inverted keyed action is shown
in Figure 9, in which T, and Tzlare respectively the second detector
and the video amplifier. Two stages of video could be used, but, in any
case, as explained in Part I, it is necessary for the amplifier to be
dc-connected from the second detector to the AGC tube. For simplicity,
no peaking coils are shown in this diagram. The video signal is con-
nected directly to the grid of T;. The signal has its sync pulse negative,
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and is on the order of 50 volts. A negative pulse obtained from a few
turns on the horizontal output transformer is applied to the cathode
of T;. This pulse must be of greater amplitude than the video signal,
and may be approximately 75 volts. The pulse causes current to flow
in T,, depending upon the actual amplitude of the video signal. A large
video signal will be more negative during sync and blanking time, and
will cut off T; and very little pulse will be produced. A smaller video
signal will hold the grid of Ts more positive and a larger pulse will
be produced. This pulse is connected by way of a capacitor through
an ac connection only, to T, which is a diode for rectifying and obtain-
ing a dc corresponding to the amplitude of the pulse. On the grid of
T,, therefore, a dc exists which is negative for small video signals,
and positive for large video signals. T, inverts the polarity and
supplies an appropriate signal for an AGC voltage. The dc levels
require that a negative supply be used, or at least that the intermediate-
frequency tubes have their cathodes at some point more positive than
the cathode of tube Tj; The voltage for the grid of T; is, of course,
obtained by the way of an ac connection, and the rectifier T;. The noise
immunity of this circuit is seen, therefore, to come from two causes.
First, the circuit is keyed and is completely immune to noise between
keying pulses. Since the noise always extends negative on the grid of
T,, the noise pulses merely cut this tube off further than it has been
cut off by the absence of the keying pulse and therefore nu current can
flow in its plate circuit. Second, due to the inverse action of this circuit,
noise which produces a suddenly smaller pulse from T, does not cause
current to flow in the diode T,, and, hence, the noise is ignored by the
circuit. Therefore, regardless of the amplitude of the noise, it is not
measured by the circuit, which merely considers the noise as an increase
in the signal which is followed slowly and from which it can recover
quickly. If there is any noise in the white direction, however, the circuit
is sensitive to it. Normally, however, the noise which occurs in this
direction is a result of very infrequently encountered phase and ampli-
tude conditions of the interfering carrier. In order for the detector
output to be reduced by noise, and thus to give a white signal, the noise
must be of approximately the same frequency and amplitude as the
signal, and must remain in a phase opposite to that of the signal for
an appreciable time. An appreciable area of noise which extends
toward white is very seldom encountered. White noise may also be
caused by intermediate-frequency overload. However, intermediate-
frequency overload is minimized by the low impedance of the AGC
driving circuit of tube T;. This tube may be made to conduct very
large currents necessary for a low impedance, since its current opposes
the change in current in the intermediate-frequency and hence serves
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to stabilize the overall load of the receiver. Also, the circuit opposes
excessive white noise generation due to overload in any tube which has
AGC applied to its grid; i.e., the white noise is a result of bias produced
by grid current drawn by the noise pulses. The AGC immediately
responds to the reduced signal applied to it and reduces the bias, thus
opposing the bias produced by the grid current.

The pulse for operating this AGC circuit, which is applied to the
cathode of Tj, is, as has been explained, obtained from the horizontal
output transformer. This gives a low impedance pulse, and since the
load of Ty is small, it has no adverse effect upon the horizontal output
circuit. The pulse should be reasonably wide. It may occur during
the synchronizing pulse, but it must occur during at least a portion
of the “back porch,” or blanking level, following the synchronizing
pulse. The pulse must end before the end of this blanking level, or
very wrong information will be obtained. As receivers are normally
operated, this condition obtains because it is necessary for the return
line to occur and be completed during the blanking time of the signal.
Therefore this horizontal output pulse is admirably suited for oper-
ating this type of AGC.

KEYING PULSE
Fig. 10—The inverse modulated
>~ y— BACK PORCH pulse.

BLANKING LEVEL REFERENCE

This AGC actually operates by means of the blanking level, and
not the synchronizing peak level. Therefore the actual sync height is
unimportant, and the dc which is used on the kinescope is obtained
from the blanking or true black level. This may be understood by
noting that the signal on the grid of T3 is at two levels during the
keying pulse: first, at the synchronizing level, which is the more
negative; and then at the blanking level, the more positive of the two
levels. Therefore the larger pulse on the plate of T3 is produced by
the blanking level. The pulse obtained from the blanking level, there-
fore, is the pulse which actually operates the diode, T4, and from which
the AGC dc voltage is derived. Figure 10 shows in dotted form, the
signal that would exist on the plate of T, from the video, and in solid
form, the signal that does exist as the result of the video and the keying
pulse. The maximum height of the pulse is seen to occur as a result of
the blanking level of the video signal.
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: KEVING Fig. 11—Absence of
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THE VERTICAL SIGNAL

During the vertical sync signal there is no blanking level during
the time of the keying pulse. This can be seen by referring to Figure
11. The AGC detector is therefore not operated during the vertical
sync signal and it interprets the vertical as a sudden increase. There-
fore the gain of the amplifier, and the vertical sync signal are reduced
according to the time constant speed of the detector. This fact limits
the speed for this arrangement of the inverted keying system. It would
be impossible to operate on the blanking level, or “back porch,” except
by virtue of the inverted system, wherein an increased signal is fol-
lowed slowly, and a decreased signal quickly. The circuit speed is
therefore limited by the response desired during the vertical. If the
vertical signal is treated too severely, the speed must be decreased
scmewhat. However, when the vertical signal is reasonably unaffected,
the AGC is still fast enough to remove most airplane interference.

A SIMPLER ARRANGEMENT

In Figure 12 is shown a simpler arrangement of the circuit of
Figure 9. T, itself is made the detector. The plate resistor is made
quite large, and is bypassed by a capacitor which then makes Tg a peak
plate rectifier. The dc is generated on the plate and is conducted to
the grid of the AGC output tube, T;, by means of glow tubes such as
the 991. It is not necessary in this application, however, to use the
more carefully selected variety of glow tube, such as the 991. The
commercial %4 -watt neon lamp without the ballast resistor may be used.
These tubes act essentially as batteries in series with the circuit from
the plate of T; to the grid of T, and dc changes appearing on the plate
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are therefore transmitted to the grid of Ty except at a more negative
dc level. This circuit eliminates one-half of a tube, but uses in its place
the glow lamps. The operation of the circuit is relatively the same as
the operation for the circuit using the diode, except that the gain of
T; is reduced somewhat when used as a detector over the application
in which it is used as an amplifier.

FILTERING AND DAMPING

Information for television AGC circuits, whether they be keyed or
not, is obtained only over a small interval of time during the sync or
blanking pulse. This information must therefore be integrated to
control the signal until the next pulse is received. Such filtering is apt
to introduce delays which may cause overswing and oscillation. If the
filtering is accomplished entirely by one circuit, this tendency may be
eliminated. The filtering in Figure 9 is accomplished by the capacitor
C. Some bypass is necessary at each intermediate-frequency grid, but
this filtering should be in the nature only of bypass for intermediate
frequencies and should in no way affect the frequencies necessary
for the AGC control, Since these frequencies are widely different
it is possible to introduce sufficient intermediate-frequency bypass
without introducing adverse delay for the AGC voltage. However,
it is usually necessary to add some sort of damping. This damping
should be introduced across the filter capacitor C. It is shown in
Figure 9 as the circuit C,R,. C, is approximately 10 times C. R, is
adjusted to give the minimum oscillation conditions. Providing there
are no delays in other portions of the circuit, R, will be found to be
non-critical. When R, is very small, oscillation may occur at a low
frequency corresponding to the frequency of filtering of C,. When R,
is very large, oscillation may occur at the frequency caused by the filter
capacity C. A point midway between these two values gives quite stable
performance.

CIRCUIT ADJUSTMENTS

Figure 13 is Figure 9 redrawn with the required adjustments,
screen supplies, etc. The most essential adjustment is that labeled
“black level control”. This control is not for the purpose of adjusting
the black level on the kinescope, which should be accomplished in the
normal manner, but is for setting the black level near the video noise
clipping level. Clipping may be accomplished by plate current satura-
tion on the video output tube, or by using a two-stage amplifier, and
cutoff clipping in the first tube. In either case, the AGC equilibrium
point must be adjusted by means of the black level control, until the
sync pulses are held just inside the clipping level. The control may be
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a factory adjustment and need not appear on the front of the receiver.
This control operates by varying the de voltage on the cathode of T,
and hence essentially adjusting the absolute level at which the peak
of the measuring pulse occurs. Since it is the difference between this
measuring pulse and the video which produces the AGC voltage, the
video black level may be made to occur at any desired level by varying
the dc in the pulse circuit as shown.

The other control shown is the video contrast control. This control
adjusts the highlights of the picture without affecting the black level.
As explained above, the black level is held at a fixed plate current level
in T,. If the bias on T, is changed by the dc control, the AGC circuit
will bring the black level to the same value with reference to the
cathode of T, as previously, and the difference between the zero output
of T,, which is the white level, and the black level, will have been
changed, thus effecting a change in the overall signal swing or the
white level on the plate of T, and the kinescope grid. This control may
be included on the front panel, although the only important control of
this nature is the background control for the kinescope, which, even
80, should need adjusting only occasionally. A properly operating AGC
will maintain the maximum whites at as near as possible the blooming
level for the kinescope under all conditions except those of low
modulation.

If the circuit of Figure 12 has been used, the black level control
shown in Figure 18 is also able to correct for variation in the glow
tubes, and is a satisfactory adjustment for tolerance in these tubes.
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A CIRCUIT FOR MAXIMUM SPEED

In cases where it is desired to increase the speed of operation of
the inverted keyed AGC, a pulse must be used which occurs during the
synchronizing pulse time. The keying pulse must be narrow and occur
only during the synchronizing pulse time, which means that for correct
operation, the keying pulse should occur wholly within the double fre-
quency pulses, which are half as wide as the regular horizontal pulses.
If the keying pulse should last over into the “back porch” time follow-
ing the doubles, their height will be increased by the AGC, and difficulty
will be experienced in properly separating the vertical pulse. Likewise,
if the keying pulse lasts over into “back porch” time following the
regular horizontal pulses, the AGC will operate as described previously,
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and if too fast, will remove the vertical pulse. When a suitably narrow
pulse is used, and it is made to occur on the sync pulse, extremely fast
operation can be obtained without any errors being introduced.

A satisfactory keying pulse may be obtained from the blocking
oscillator. However, difficulty will be encountered in properly applying
such a pulse in the circuit of Figure 13. Figure 14 shows a circuit
which is quite satisfactory. A 6SAT has been substituted for the triode
T; of Figure 13. The video is applied to the second control grid, and
the keying pulse to the first grid. Black level control is effected by
varying the dc potential of the cathode. The circuit otherwise operates
essentially the same as the triode circuit of Figure 13, and is to be
preferred over that circuit except for reasons of economy.

Use OF KEYING PULSE WHICH MAY VARY IN AMPLITUDE

In receivers which obtain the second anode voltage from the kick-
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tude with changes in kinescope current. The use of such a pulse for
the AGC keying pulse results in an apparent loss of the dc component
in the kinescope, and a limiting level which varies with the picture
dc component, unless steps are taken to reference the pulse at its
peak. This is accomplished satisfactorily by the circuit of Figure 14
which automatically references the pulse by means of grid current in
the 6SA7. Another circuit for accomplishing this is shown in Figure
15. Actual values are given here for installing the AGC in a receiver
of the 630TS type. It is necessary to dc connect the video amplifier,
T, being the output stage. The video which appears across the 3300-
ohm plate load is fed directly coupled to the grid of the AGC tube T..
The cathode of this tube is driven negative by the pulse from the 5V4
damper tube plate. The pulse is reduced in amplitude by the 68K,
22K divider, and its peak referenced by the diode T,y at a voltage
determined by the setting of the 10K black level control. The resist-
ance divider also serves as a series impedance between the pulse source
and the diode Tsg, so that the loading of the diode widens the pulse
to the desired width.

The modulated pulse from T,, which appears across the 4700-ohm
resistor, is applied through an .05 capacitor to T3, with the bias
resistor arranged as a divider which essentially applies a positive bias
to the T;, cathode. The pulse then need not become very small (with
T, working near cut-off), when a small amount of rectified dc is re-
quired from the diode. The discharge resistor for the diode plate is
returned to ground, which is positive, in order to make the discharge,
or AGC speed, constant regardless of the signal level. The damping
can be improved by connecting it as degenerative from the plate to
the grid of T,, as shown.
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TELEVISION DEFLECTION CIRCUITS*t

Part I
MOLDED IRON DUST CORES FOR USE IN
HORIZONTAL DEFLECTION CIRCUITS
By
A. W. FRIEND

Home Instrument Department, RCA Victor Division,
mden, N, J

Summary

The horizontal deflection of electron beams in television systems has
required excessive dissipation of energy and expensive circuit components.
For deflection by magnetic means, the deflection transformer and yoke have
presented serious problems in the economical design of television receivers.

Transformer and yoke cores have been molded from powdered iron
materials especially prepared for these applications. Very low cost materials
have been developed to produce useful effective alternating-current perme-
abilities between 40 and 280. The precise value depends upon the peak
amplitude of the alternating-current flux density.

Small particle thicknesses available, at low cost, in powdered iron mate-
rials make high-Q systems possible. Increased efficiency eliminates the
necessity for dissipating large amounts of energy from the transformer and
deflecting yoke structures. Molded core structures, in comparison with
laminated core structures, produce negligible acoustic radiation.

Low-loss systems have been constructed with energy recovery arrange-
ments. Such systems, requiring mo additional electrical energy, provide
large increases in deflection capability. Simultaneously, there are reductions
in costs of transformer cores to less than ome fourth those of equivalent
laminated sheet or strip metal types.

A low-cost system has been constructed to provide full deflection and
27 kilovolts second anode potential for a fifty-degree kinescope driven by
two type 807 or 6BG6G beam-tetrodes. The present pulse voltage ratings
of available tubes limit the second anode voltage to approximately 17 kilo-
volts for a kinescope which is to be scanned from a circuit driven by a
single 6BG6G tube. This second anode voltage may be derived from wind-
ings on the same deflection transformer via a voltage doubling rectifier.

(17 pages, 21 figures)

PART 1II
THEORY AND DESIGN OF COMBINED LOW-LLOSS
HORIZONTAL DEFLECTING AND HIGH VOLTAGE
POWER SUPPLY SYSTEMS

Summary

When the special, low-cost, low-loss, molded iron powder cores described
i Part I of this paper are used in the construction of television horizontal
deflecting transformers and yokes, the energy losses are reduced sufficiently

* Decimal Classification: R583.13.
+ RCA Review, March, 1947.
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to permit the employment of certain simplified equivalent circuits and
equations in the design procedure. The theory of low-loss horizontal scan-
ning systems has progressed so that now the resultant transformer designs
may be relied upon to produce the expected results, within approximately
the tolerance limits which apply in the design of most of the other com-
ponent parts. Design equations and charts are provided for application in
the development of horizontal deflecting and high-voltage second-anode
power supply systems.
(28 pages, ? figures)

RADIO-FREQUENCY PERFORMANCE OF SOME
RECEIVING TUBES IN TELEVISION CIRCUITS*{

By

ROBERT M. COHEN

Tube Department. RCA Victor Division,
Harrison, N. J.

Summary

Several types of receiving tubes may be used to advantage in television
receivers designed to tune all thirteen channels. This paper discusses the
performance of these tube types in radio-frequency amplifier, mixer, and
local oscillator applications. Both push-pull “balanced” circuits and single-
ended “unbalanced” circuits are discussed. Data are presented for over-all
gain, noise, image rejection, and, to a lesser extent, on oscillator frequency
stability. These data are takem at two representative chamnels in the
television band: Channel No. 4 (66 to 72 megacycles) and Channel No. 11
(198 to 204 megacycles).

(18 pages, 4 figures, 5 tables)

* Decimal Classification: R262 X R593.6.
1t RCA Review, March, 1948.

TELEVISION DC COMPONENT*t
By
K. R. WENDT

Research Department. RCA Laboratories Division,
Princeton, N.J.

Summary

Although important, and one of the oldest of the television techniques,
the dc component is still one of the least understood. It is here explained in
general, and with reference to transmitter and receiver applications. The
various restorer circuits are described, with their advantages and disad-
vantages. Design considerations are given for equipment which handles
the signal with the dc component present.

(27 pages, 20 figures)

* Decimal Classification: R583.1.
+ RCA Review, March, 1948.
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PROJECTION SCREENS FOR HOME TELEVISION
RECEIVERS*t

By
R. R. Law! AND I. G. MALOFF?

Summary

One of the major problems of television development has been that of
obtaining adequate brighiness in the reproduced picture, particularly in
the case of the projection receiver where large pictures are desired. Di-
rectional projection screens which concentrate the available light into the
desired viewing field are an important aid in overcoming this difficulty.
Although wvarious directional screens have been proposed, the primary
question always has been: How could a high quality screem be made at a
cost that would permit its use in home projection receivers? This paper
presents a study of the factors governing the design of projection screens
for home television receivers and describes an improved laminated-plastic
screen which provides a brightness gain of 7.5 without perceptible “hot-
spot.” If the viewing field iz defined as that zone im which the brightness
exceeds half the maximum value, it provides a vertical field of +10 degrees
and a horizontal field of +25 degrees. In combination with large aperture,
reflective optics it gives at 15- by 20-inch picture having highlights with a
brightness of more than 75 footlamberts. This compares favorably with
the highlight brightness obtained with direct-viewing kinescopes and more
than satisfies the recommendations for good motion picture theater prac-
tice.

(6 pages; 9 figures)

* Decimal Classification: R583.5.

+ Jour. Opt. Soc. Amer., June, 1948.

' RCA Laboratories Division, Princeton, N.J.
2RCA Victor Division, Camden, N. J.

DESIGN FACTORS FOR INTERCARRIER
TELEVISION SOUND#*t

By
S. W. SEELEY

Radio Corporation of America,
New York, N. Y.

Summary

Large scale production of television receivers employing intercarrier
sound has focussed attention on the advantages and disadvantages of the
system. This review emphasizes problems facing transmitter and receiver
degigners.

(4 pages; § figures)

* Decimal Classification: R583.5.
+ Electronics, July, 1948,
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TELEVISION RECEIVERS*t
By

ANTONY WRIGHT

Home Instrument Department, RCA Victor Division,
Camden, N. J.

Summary

The promise of a postwar public television service can be realized
only by quantity production and merchandising of receiving instru-
ments. The styling and performance of television receivers has been a
subject for conjecture for many years. Artists conceptions of the possgible
appearance of the home television receiver have appeared in material
ranging from the cartoon to the constructive magazine article. In parallel,
engineering opinion has been expressed in technical journals and incorpo-
rated in the many experimental receivers which have been built and which
have included new circuits and other arrangements in an attempt to evalu-
ate commercial acceptance. The receivers discussed in this paper represent
up-to-date developments in both electrical and appearance engineering. No
doubt the current thinking as expressed in these designs will be modified
by public acceptance, competition and by the engineering experience gained
in their design and manufacture. These receivers are important because
they will serve, along with others, as a basis for the future expansion of
television service. Several models are described, followed by a statement
of design policy and a detailed discussion of various components.

(24 pages, 27 figures)

* Decimal Classification: R583.5.
+ RCA Review, March, 1947.

TELEVISION ANTENNA INSTALLATION GIVING
MULTIPLE RECEIVER OUTLETS*}

By

R. J. EHRET

RCA Service Compauy,
Camden, N.J.

Summary

With the increasing realization of commercial television broadcasting,
consgideration is being given to the installation of television in hotels. This
article deals with some of the general considerations and problems in-
volved in engineering and making a hotel installation, and their applica-
tion to the specific installation at the Hotel Pennsylvania.

(6 pages; 8 figures)

* Decimal Classification: R326.6.
+ Tele-Tech, June, 1947.
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APPLICATION OF I.C.I. COLOR SYSTEM TO
DEVELOPMENT OF ALL-SULFIDE WHITE
TELEVISION SCREEN*{}

By

AUSTIN E. HARDY

Tube Department, RCA Victor Division.
Lancaster, Pa.

Summary

Increased emphasis on the whiteness of the postwar television tube
screen has demanded the use of an objective color-specification system in
the development of mew phosphors and in the control of the finished tube.

The I.C.I. color system adopted by the International Commission on
Ilumination in 1981 has been applied to this problem. In addition to
providing accurate control of color, it has made possible the determination
of desirable and undesirable color areas and has facilitated the obtaining
of the greatest luminosity for any desired white.

Measurements of the relative efficiencies and spectral energy distribu-
tion of individual phosphors and phosphor mixtures have been made in a
demountable cathode-ray tube with an automatic recording spectroradio-
meter. Particular emphasis has been placed on the factors that are peculiar
to zinc-sulfide and zinc-cadmium-sulfide phosphors.

(10 pages, 8 figures)

* Decimal Classification: R138.313 X R200.
t+ RCA Review, September, 1947.

PULSED RECTIFIERS FOR TELEVISION
RECEIVERS*}

By

I. G. MALOFF

RCA Victor Division,
Camden, N. J.

Summary

Brief analysis of pulsed cascade rectifiers used in television receivers
indicates that no component is subjected to potentials substantially higher
than those encountered per section. In a doubler, this voltage is about half
the output voltage from the rectifier.

(2 pages; 8 figures)

* Decimal Classification: R366.3XR583.
+ Electronics, July, 1947.



COMPARATIVE PROPAGATION MEASUREMENTS;
TELEVISION TRANSMITTERS AT
67.25, 288, 510 AND 910 MEGACYCLES*t

By

GEORGE H. BROWN, JEss EPSTEIN AND DONALD W. PETERSON

Research Department, RCA Laboratories Division,
Princeton, N. J

Summary—In order to study propagation and multipath effects over
a wide range of frequencies under typical broadcast conditions, comparative
propagation measurements have been made using television transmitters at
67.25, 288, 510 and 910 megacycles. These measurements were taken along
two radials from New York City. One radial extended slightly north of
west over extremely hilly country with a number of suburban towns, large
homes, many trees and elevations ranging from sea level to 1200 feet. The
second line ran southwest over fairly level terrain with very few hills, the
highest of which was 230 feet. Regular television broadcasts were used on
67.25 megacycles. A special laboratory transmitter and Turnstile antenna
were used for measurements on 288 megacycles. Experimental low-power
laboratory transmitters were used with directional antemna arrays for
making the measurements on 510 and 910 megacycles.

The influence of hilly terrain on propagation is clearly illustrated by
comparison of the data along the two radials. The best agreement with
theoretical values at all frequencies was obtained along the comparatively
smooth southwest line. There was closer agrecment with the theoretical
curves at 67.25 megacycles than at 288 megacycles, while the measured
values at 510 and 910 megacycles were usually far below the theoretical.
The data has been analyzed to assist in forming an overall picture of the
situation.

Shadowing from hills and other obstructions increases steadily as the
frequency increases, thus requiring higher power at the higher frequencies.
A basis for estimating power requirements as a function of frequency is
offered.

Multipath effects are present at both 67.25 megacycles and 288 mega-
cycles, but are usually too slight to be serious. In obstructed or hilly areas,
multipath at 510 and 910 megacycles is severe. However, in most places, a
clean picture can be obtained by orienting the receiving antenna. It was
generally possible to find several responses which gave a good picture. This
was true when the receiving antemna was a large array having a narrow
beam and a large front-to-back ratio or a single dipole and reflector with
a low front-to-back ratio and a broad pattern.

INTRODUCTION

transmitters operating in the high frequency region. With the

I[N THE PAST, surveys have been made of the coverage of individual
advent of black-and-white television on frequencies lying between

* Decimal Classification: R583.16.
+ Reprinted from RCA Review, June, 1948.
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50 and 216 megacycles and with growing interest in the possibilities
of color television in the region between 500 and 900 megacycles, the
need for comparative measurements over a wide range of frequencies
became apparent. Accordingly, plans were made early in 1946 to carry
out a series of experiments using the Empire State Building in New
York City as the location for the transmitters. Field measurements and
observations were planned to show attenuation as a function of distance
over rough terrain and comparatively smooth terrain and to show the
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Fig. 1-——The west and
southwest radial lines
extending from the Em-
pire State Building in
New York City.

magnitude and differences of multipath effects at the various fre-
quencies.

Since it was evident that it would not be possible to make extensive
measurements over the entire service area, two radial lines were se-
lected which could be conveniently reached by the field truck and which
presented a variety of terrain. One radial extended slightly north of
west from the Empire State Building and will be referred to as the
“west radial.” This line extended over extremely hilly country, with
many suburban towns generously supplied with large homes and multi-
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tudes of trees. Elevations ranged from sea level to 1200 feet. The
second line was southwest with very few hills, the highest of which
was 230 feet.

The locations of these radial lines are shown in Figure 1, while
Figure 2 gives the profiles along the radials.

DESCRIPTION OF THE TRANSMITTING FACILITIES AND THE
FIELD MEASURING EQUIPMENT

Early in 1946, the WNBT transmitter began operating to furnish
television broadcasting service with a picture carrier frequency of

@) HLIGHT OF 6725 AND 288 MC ANTENNAS
(@ WEIGHT OF 510 AND 910 MC ANTENNAS

R
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Fig. 2—The profiles along the west and southwest radials.

67.25 megacycles. The transmitter was available with test pattern
during most of the daylight hours. This transmitter was located on
the eighty-fifth floor of the Empire State Building. Another trans-
mitter, especially constructed at the Laboratories for these propagation
tests and operating at a frequency of 288 megacycles, became available
and was moved to the eighty-fifth floor of the Empire State Building.

Separate Turnstile antennas for each transmitter were mounted on
a single pole on the top of the building. Here, for the first time, an
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excellent opportunity was afforded for making comparative tests of
propagation at widely-separated frequencies with comparable radiated
power and with the transmitting antennas at the same location and
height.

The entire antenna system was erected at the Laboratories for
purposes of measurement and test before erection on the Empire State
Building. Figure 3 shows this antenna system. Closest to the roof
may be seen the four-layer Turnstile antenna used to transmit the
picture signal with a carrier frequency of 67.25 megacycles and the
sound signal at 71.75 megacycles. Directly above this Turnstile
antenna is a two-layer loop antenna system for transmission of a

|
]
|
]
|
d

ey

Fig. 3—The multiple antenna sys- Fig. 4—The 288-megacycle Turn-
tem erected at the Laboratories. stile antenna.

frequency-modulated signal at 97.3 megacycles. This transmission con-
stitated a broadcasting service which was not utilized in this survey.
The 288-megacycle Turnstile antenna is located at the top, above the
FM antenna, and may be seen in greater detail in Figure 4. _
Power gain measurements were made for both Turnstile antennas
when located as shown in Figure 3. In addition, the horizontal radia-
tion patterns of both antennas were obtained by rotating the pole
about its vertical axis while reading a field intensity meter located a
few thousand feet distant. The vertical pattern of the 288-megacycle
Turnstile was obtained by mounting this antenna in a horizontal
position on a turntable. The 67.25-megacycle antenna was much too
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large to handle in this fashion. However, the vertical pattern was
obtained during the development stage by using the ground-plane setup
shown in Figure 5. Here the vertical pattern of the final antenna was
obtained by measuring the horizontal pattern of the arrangement
shown.

During the course of the field measurements at the two frequencies
mentioned, the effective radiated power of the 67.25-megacycle trans-
mission was maintained at 3.63 kilowatts, while the effective radiated
power at 288 megacycles was 2.6 kilowatts.

The field measuring equipment used a modified TRK-9 receiver.
A single stage preamplifier preceded the receiver for 67.25-megacycle

- -1

Fig. 6—Ground-plane for the 67.26-megacycle Turnstile.
reception. A 288-t0-67.25 megacycle converter was used ahead of the
preamplifier for 288-megacycle reception. The TRK-9 automatic-gain-
control voltage was measured for field intensity information. All
measurements were made with the same test pattern impressed on the
transmitters at all times so that a known relation existed between the
observed voltage and the value of peak signals. Voltage calibration
of the receiver was obtained from a Model 80 Signal Generator.* The
apparatus was installed in a panel truck with a portable power supply.
A mast mounted on the truck roof was raised to place the two receiving
dipole antennas 30 feet above the earth. Both receiving antennas were
rotatable.

Measurements were made at approximately two-mile intervals along

* Manufactured by Measurements, Inc.
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the two radials shown in Figure 1. Receiving sites were chosen in a
variety of surroundings: in open fields, in wooded areas, along high-
ways, atop hills, and in valleys. An effort was made to stay away from
electric lines and large buildings. Whenever possible, the antenna was
moved a wavelength or more toward the Empire State Building while
observing test pattern and gain-control voltage. All data were taken
between 10 a.m. and 4 p.m. in clear weather so that even at distances
of forty miles or more the measurements may be expected to yield
normal values.

The observations at 67.25 and 288 megacycles were carried out
between late July and the end of October, 1946. At this time, an

Fig. 6—The self-excited oscillators used in the 5§10- and 910-megacycle tests,

experimental tube capable of delivering a few hundred watts at fre-
quencies as high as 900 megacycles became available. The measure-
ments just completed indicated that a few hundred watts radiated
in a broadcast fashion at 500 and 900 megacycles would yield field
intensities too weak to measure easily and certainly too weak to
observe multipath effects. Hence directional arrays were constructed
and so mounted that the beams could be pointed along either radial.
A beam antenna and a self-excited oscillator were provided for operation
on a frequency of 510 megacycles, and a similar set of equipment was
constructed for operation on 910 megacycles. There was not room to
mount the equipment on the roof of the Empire State Building so the
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oscillators were placed in a room on the eighty-seventh floor, with the
antennas on a balcony at the same level. The antenna elevation was
then 1061 feet above ground and 1109 feet above sea level.

The two oscillators are shown in Figure 6. The two directional
antenna systems may be seen in Figure 7. Each array consisted of
two cophased frames stacked one above the other. The radiation
pattern of each system was then 35 degrees wide at the one-half voltage
points in the horizontal plane, while the corresponding width in the

Fig. 7—The directional arrays used in the 510- and 910-megacycle tests.

vertical plane was 8.5 degrees. Another view of the antennas, looking
down from above, is given in Figure 8 (page 184).

A modified AN/APR-4 receiver was used for the field intensity
measurements. Two specially-constructed signal generators were used
for calibration purposes. The receiving antenna for 510 megacycles
was a single dipole in front of a flat metal reflector. For 910 mega-
cycles, a similar antenna was provided. In addition a directional
antenna was used which consisted of a single frame identical in con-
struction to the two frames used for transmission. The three antennas
moeunted on the field truck are shown in Figure 9 (page 184).
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Fig. 8—The 510- and 910-megacyele amtennas on the eighty-seventh
floor baleony.

Fig. 9—The field truck with the 510- and 910-megacycle receiving
antennas in place.
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The two transmitters were operated simultaneously so that a meas-
urement could be made at each frequency by a single visit to a measur-
ing point. Measurements were made on each radial at exactly the same
locations used in the previous survey at 67.25 and 288 megacycles.
Measurements were also made at many additional locations.

These field intensity measurements were made during the summer
of 1947. When the measurements were completed, the oscillators were
modulated with a test pattern. A television receiver, Model 630TS,
with an appropriate converter, was then used in the field truck to
observe the effects of multipath propagation and the measuring points
were again visited. For these latter observations, a frame similar to
the directional array shown in Figure 9 was also used at 510 mega-
cycles. -

MEASURED FIELD INTENSITY DATA

The principal factors involved in establishing the field intensity at
high frequencies are the effective radiated power, the distance between
the transmitting and receiving antennas, the heights of the transmit-
ting and receiving antennas, the earth’s curvature, the conductivity
and dielectric constant of the earth, refraction resulting from changing
dielectric constant of the air with height, and irregularities of the
terrain. The last-named factor is not accounted for in theoretical
treatments. If the earth is assumed to be a smooth sphere having
uniform electrical properties and if the dielectric constant of the air
is assumed to be a linear function of height, the field intensity calcu-
lation may be carried out by the methods described by K. A. Norton!.
In order to review the effects of frequency where the ideal or theoretical
conditions exist, Figure 10 was prepared. In these calculations, the
following factors were used:

Height of transmitting antenna = 1250 feet

Height of receiving antenna = 30 feet

Conductivity of the earth = 50 X 10— electromagnetic units
Dielectric constant of the earth =15

Effective radiated power = 100 kilowatts.

An inspection of Figure 10 reveals the increase in field intensity that
accompanies an increase in frequency when the distance is less than

1 A Report Prepared by K. A. Norton on the Calculation of Groundg
Wave Field Intensity over a Finitely Conducting Spherical Earth, and
presented at the Hearing before the FCC in the Matter of Aural Broad-
casting on Frequencies above 25,000 Kilocycles, March 18, 1940.
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60 miles. At distances greater than 70 miles, the fields for the high
frequencies fall far below those for the low frequencies. A line showing
twice the free space field is also included on this figure. This line
shows the limiting value above which the field intensity never rises,
even when the direct wave and the ground reflected wave are in phase.

Figure 11 shows the measured field intensity of the 67.25-megacycle
signal along the west and southwest radials as a function of distance.
The calculated field intensity is shown in each case by the solid curve.
The measurements along the southwest radial show close correlation
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Fig. 10—Theoretical field intensities over a smooth spherical earth.
A. 67.256 megacycles. C. 510 megacycles.
B. 288 megacycles. D. 910 megacycles.

with theory. The comparatively smooth terrain is responsible. Data
taken along the west radial shows much more scattering. An idea of
the difference in terrain may be obtained by inspecting Figure 2.
The measured data taken at 288 megacycles along the same radials
is displayed in Figure 12. The theoretical curve is again shown here.
The scattering is pronounced. Several points on the charts are con-
nected by vertical lines. This is to indicate that the two values thus
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linked represent the maximum and minimum signals encountered in
the vicinity of the measuring point. The asterisks on the figure indicate
the location of points where the field intensity was below 0.1 millivolt
per meter and was not measurable because of the noise level of the
receiver.
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The measured field intensity along the southwest and the west radial
at a frequency of 510 megacycles is shown in Figure 13. Before plot-
ting in this figure, the measured values were corrected to an effective
radiated power of 100 kilowatts. It should be noted that in this figure,
the theoretical graph is based on a transmitting antenna height of
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1061 feet, since for this transmission the antenna was on the eighty-
seventh floor balcony. The effect of the roughness of the terrain on the
west radial is becoming apparent at this frequency.

Figure 14 shows the measured values obtained at a frequency of
910 megacycles, again with the measured values corrected to an effective
radiated power of 100 kilowatts. The calculated curve is based on a
transmitting antenna height of 1061 feet. On the west radial, many
locations are indicated where the field intensity was too low to be
measured. )

When measuring at 510 megacycles, the receiving antenna was a
single dipole placed in front of a flat metal sheet. At many measuring
points, when the receiving antenna was rotated the receiver voltage
varied in such a way that it was evident that multipath signals were
present. The same effect was noted to be more pronounced at 910
megacycles. At this higher frequency, measurements were made with
a dipole in front of a plane reflector and with an array. The receiving
array was 26 inches wide and 56 inches high. This array may be seen

Table I—Percentage Distribution of the Ratio V,/V,
in Terms of Locations (Frequency = 910 Megacycles)

Percentage of locations where the ratio lies
between the indicated limits.

TheratioV,/V,,

lies between: Southwest radial West radial Both radials
0-1 0 18. 10.1
1-1.5 0 0 0
1.6-2 0 0 0
2-2.5 0 7.7 4.4
2.5-3 3.33 15.5 10.1
3-3.5 20. 12.9 15.9
3.5-4 10. 20.5 15.9
4-4.5 23.3 12.9 17.4
4.5-5 16.6 2.5 8.7
5-5.5 16.6 5. 10.1
5.5-6 3.33 0 1.5
6-6.5 0 0 0
6.5-7 6.66 0 2.9
7-7.5 0 2.5 1.5
7.5-8 0 0 0
8-8.5 0 2.5 1.5

Average V,/V
On west radial — 33
On southwest radial— 4.38
On both radials — 3.75
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in Figure 9. In many shadowed locations, it was possible to rotate
the array and observe strong signals from many directions. This was
accepted as evidence of strong multipath signals.

An additional disturbing effect was found at 910 megacycles. A
coaxial switch was used to switch the receiver rapidly from the dipole
to the array. In open locations, particularly on the southwest radial,
the voltage on the receiver terminals was substantially greater when
the array was used. However, in shadowed regions on the west radial, it
was often found that the receiver voltage was lower with the array than
the dipole. This was probably due to the fact that the field was badly
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Fig. 16—The effect of a ridge of hills demonstrated at three widely-sepa-
rated frequencies. (The measured field intensities have all been corrected
to an effective radiated power of 100 kilowatts. The connected circles for
the 910-megacycle signal indicate the two values of field intensity obtained
at each location, one with the dipole antenna, the other with the array.)

distorted with large phase changes across the aperture of the array.
Unfortunately, this effect was found only in the shadowed regions
where the signal was weak and a boost in signal such as one might
expect with an array was badly needed. Table I shows the number of
places, expressed percentagewise, where the ratio V,/Vp lies between
the indicated limits. (V, is the voltage on the receiver terminals when
the array is used, while V, is the corresponding voltage when the
dipole is connected.) It is interesting to note that on the southwest
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radial, no values less than 2.5 were obtained for V,/Vp, while on the
west radial 18 per cent of the observations show the ratio to be less
than unity.

The manner in which the shadows due to large hills change with
frequency is shown in Figure 15. Here the measured field intensities
for 67.25, 510 and 910 megacycles have all been corrected to an effective
radiated power of 100 kilowatts. The 67.25-megacycle signal is lowered
somewhat by the ridge of hills, while the 510-megacycle signal fluctu-
ates at a great rate. The shadows cast by the two peaks are quite
apparent. However, even this large fluctuation does not compare with
the effect at 910 megacycles. Behind the second peak, a region over
three miles in extent was found where it was not possible to measure
the weak signal of the 910-megacycle transmitter.

ANALYSIS OF THE FIELD INTENSITY DATA

While an inspection of Figures 11 to 14 inclusive shows the general
trend of attenuation as the frequency is increased, it seems appropriate
to attempt a more quantitative analysis of the data. With this in mind,
Figures 16 and 17 were prepared. Figure 16 was constructed directly
from the measured values and the theoretical curves shown in Figures
11 to 14. Thus, in Figure 16, a curve for a given frequency relates the
measured field intensities at that frequency to the theoretical curve
for the same frequency. However, a glance at Figure 10 reveals that
the theoretical values for widely-divergent frequencies are not related
by a simple law. To compare the results measured at four frequencies,
it is necessary to establish a base. This has been done in preparing
Figure 17. First, the curve for 67.25 megacycles on Figure 16 was
transferred directly to Figure 17. Then on a copy of Figure 12 which
shows the measured field intensities for 288 megacycles, a theoretical
curve was plotted for the field intensity at 67.25 megacycles, using
transmitting and receiving antenna heights of 1250 feet and 30 feet,
respectively. The effective radiated power was assumed to be 2.6
kilowatts, the same value used in the 288-megacycle measurements.
Then the measured 288-megacycle field intensities were compared to
the theoretical curve for 67.25 megacycles. The result of this operation
is shown by the 288-megacycle curve of Figure 17. Next, on Figure 13
was plotted a theoretical field intensity curve for a frequency of 67.25
megacycles, a receiving antenna height of 30 feet, and an effective
radiated power of 100 kilowatts. The transmitting antenna height was
taken as 1061 feet, to correspond to the height of the antenna used for
510 megacycle transmission. The measured field intensities at 510
megacycles were then compared to this new 67.25 megacycle theoretical
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Fig. 16—An analysis of the data shown in Figures 11 to 14. (A curve for
a given frequency relates the measured field intensities at that frequency to
the theoretical curve for the same frequency.)

curve to form the 510-megacycle curve on Figure 17. The 910-mega-
cycle curve on Figure 17 was constructed in the same manner.

The following interesting tabulation may immediately be made
from Figure 17:

Percentage of receiving Percentage of receiving

locations having inten- locations having inten-

sities greater than the sities less than the

Frequency 67.25-megacycle theo- 67.25-megacycle theo-

(megacycles) retical values retical values

67.25 58. 42,
288. 52. 48.
510. 35. 65.
910. 22, 78.

Figures 16 and 17 have been replotted in a more demonstrative
manner in Figures 18 and 19, respectively. A glance at Figure 19
shows that the whole group of distribution curves is reasonably flat
from 67.25 megacycles to 288 megacycles. Thus, it may be concluded
that for practical reception conditions such as were encountered in this
survey, essentially the same field intensity in millivolts per meter may
be expected to result for any frequency between 67.25 megacycles and
288 megacycles, for a given transmitting antenna height and trans-
mitter power. As the frequency is increased still further, expectations
of a given field intensity are notably decreased.
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Fig. 17—A second analysis of the data shown in Figures 11 to 14. (The

theoretical curve referred to on the ordinate scale is the theoretical curve

for 67.25 megacycles. A curve for a given frequency relates the measured

field intensities at that frequency to the theoretical curve for 67.25 mega-
cycles at a corresponding antenna height.)

Figure 19 now affords a means of drawing some conclusions con-
cerning the power requirements at the frequencies suggested for color
television, namely the region between 500 and 900 megacycles. Assume
that a signal is being received on a half-wave dipole and this dipole
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in turn feeds the signal to a transmission line through a suitable
matching section. Then if it is also assumed that the receiver input
impedance is the same as the characteristic impedance of the trans-
mission line, the voltage on the transmission line (essentially the same
as the voltage on the receiver terminals for a low-loss line) is

AE 'z,
Ve, = *
27 R,

where  Z, = the characteristic impedance of the transmission line,

R, = the radiation resistance of the half-wave dipole,
A = the wavelength, in meters,
E = the field intensity in millivolts per meter,
VL = voltage on the transmission line, in millivolts.

Since it is assumed that the antenna is cut to be one-half wave in length
at the frequency in question, the voltage on the transmission line will
decrease accordingly as the wavelength is decreased. If the fre-
quency is multiplied by a factor n, the field intensity £ must be also
multiplied by the same factor to keep the voltage on the transmission
line constant. That is, if the frequency is n times 67.25 megacycles,
the power used at 67.25 megacycles must be multiplied by a factor n?
to offset the effect of the shorter antenna at the new and higher fre-
quency. A second multiplying factor is then necessary to account for
the difference in propagation characteristics at the two frequencies
in question. Suppose that at 510 megacycles, one wishes to insure that
in at least 50 per cent of the receiver locations the signal on the trans-
mission line will be at least as great as the signal enjoyed by 50 per
cent of the receiver locations when the frequency is 67.25 megacycles.
On Figure 19, the curve indicated for 50 per cent is examined and a
difference in signal level of 6.5 decibels is found for the two frequen-
cies. The power must be multiplied by a factor of 4.46 to take care
of the difference in propagation. For this example, n? is 57.3, so the
total factor on the power is 255. In other words, to insure that the
receiver input voltage at 50 per cent of the receiving locations using
a frequency of 510 megacycles will exceed the value exceeded by 50
per cent of the receiver locations using 67.25 megacycles, the power
used at 510 megacycles must be 255 times the power used at 67.25
megacycles. ‘

The two upper curves of Figure 20, constructed in the manner just
outlined, apply to 70 and 50 per cent of the locations when it is assumed
that half-wave dipoles are used.
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If instead of half-wave dipoles as receiving antennas directional
arrays are used with power gains of %% the power multiplying factor
consists only of the factor obtained from Figure 19. The two lower
curves on Figure 20 result.

It seems appropriate at this point to discuss the matter of power
gain as applied to the receiving antenna. In the case of a directional
or beam antenna in which the aperture or mouth opening has a given
area, one may quickly estimate the maximum possible power gain by
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expressing the area in terms of the wavelength. Then the power gain
is 7.65 times the area measured in square wavelengths. As the fre-
quency increases and the wavelength decreases, the power gain increases
proportionally as the square of the frequency, since for a fixed area the
number of square wavelengths included in the area increases in the
same manner. However, this power gain is expressed in terms of the
power received by a half-wave dipole at the particular frequency under
consideration. But as the frequency increases the reference half-wave
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dipole becomes shorter. The practical result is that to obtain a given
voltage on the terminals of the transmission line, where the field inten-
sity remains constant in millivolts per meter as the frequency increases,
use must be made of an antenna of constant physical aperture. The
effective aperture or capture area of a half-wave dipole at 67.25 mega-
cycles is approximately 28 square feet. Hence to obtain the same voltage
on the transmission line at 510 megacycles, one must use the same area
for the directive antenna, and at 910 megacycles one must again use
an antenna with an aperture which is over 5 feet on a side. This hypo-
thetical antenna with a mouth opening of 28 square feet will have a
power gain of 57.5 at 510 megacycles and a power gain of about 180
at 910 megacycles.

The fact demonstrated in Table I, namely that on the extremely
hilly radial the directional receiving array failed to improve the signal
in 18 per cent of the locations has already been indicated. These were
at locations where the signal was weak and the gain was badly needed.
Hence the true picture of the needed power ratio versus frequency lies
somewhere between the two groups of curves shown in Figure 20.

MULTIPATH OBSERVATIONS

Multipath observations on the 67.25- and 288-megacycle channels
were carried out during the summer of 1946 at the same time that the
field intensity measurements were made. The observations were all
made outside of Manhattan, so that extreme conditions of multipath
effects were not observed. Multipath effects were usually different at
the two frequencies. Where usable field intensities were obtained on
both frequencies, it was generally possible to orient the receiving an-
tennas and receive good pictures on either frequency, with multipath
effects entirely absent or of such low magnitude as to be quite unim-
portant. At two sites approximately 2.5 miles from the transmitter
on the west radial, the picture received on 67.25 megacycles with a
receiving antenna height of 30 feet showed both positive and negative
ghosts. When the receiving antenna was lowered to 6 feet, the picture
was materially improved. Only two sites, at about 30 miles on the west
radial, were found where the 67.25-megacycle picture obtained with
the dipole antenna was not usable due to multipath. At both sites, no
288-megacycle signal could be found.

On the comparatively smooth southwest radial, very little evidence
of multipath was noted on either frequency except in a few locations
in the vicinity of large fields of oil storage tanks.

In the early fall of 1947, the 510 and 910 megacycle oscillators were

modulated with the test pattern. On the southwest radial, the pictures
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were clean and free from multipath. When the directional arrays were
used, a strong clean picture was obtained when the receiving antenna
was pointed in the direction of the Empire State Building. When the
antenna was rotated to point in other directions, weak reflected signals
were sometimes noted but these reflected signals were usually too weak
to use. In the vicinity of the oil storage tanks mentioned above, the
reflected signals compared in intensity to the main signal but there
was no real difficulty in obtaining a clean picture on either frequency,
using either an array or a dipole in front of a screen.

On the west radial, particularly in the shadowed areas but also in
many open spaces flanked by hills or buildings, signals arriving by
many paths were numerous. As the directional arrays were rotated, it
was generally possible to find several positions where strong signals
were received. Surprisingly, many of these reflected signals were as
strong as the main signal and produced as clean a picture. The differ-
ence between multipath effects at 510 megacycles and 910 megacycles
is simply that the multipath signals are more profuse at the higher fre-
quency, and, of course, in shadowed areas it was harder to receive a
signal strong enough to give a satisfactory picture at the higher fre-
quency. At many points where an acceptable picture was obtained at
510 megacycles, the signal was too weak to give a good picture at 910
megacycles.

While multipath propagation is very much in evidence at both
frequencies, it appears to be a simple matter in most instances to
orient the receiving antenna to obtain a clean picture free of multiple
images. This conclusion should be qualified because of two factors
which may play an important part in successful television broadcasting
at these higher frequencies. First, while it seems generally possible
to find a receiving antenna position which will produce a clean picture,
it is quite possible that this will not be the best position for another
transmission at some other frequency in the band between 500 and 900
megacycles. Hence the receiving antenna installation problem might be
complex for a television service established in this band of frequencies.
Secondly, in the tests at 510 megacycles and 910 megacycles, directional
transmitting antennas were used in order to obtain adequate signals.
This directivity at the transmitting antenna prevents multipath signals
which arise from reflections from buildings on Manhattan Island. For
example, if a signal were truly broadcast from the Empire State
Building, a receiver on the west radial might be subject to multipath
signals originating by reflections from buildings lying to the north
or south or even east of the Empire State Building, while these signals
could not be present when directive transmitting antennas are used.
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Hence the conclusions drawn from the tests concerning multipath
effects in the 500- to 900-megacycle band may be somewhat optimistic
when applied to a broadcast service.

CONCLUSION

The influence of hilly terrain on propagation is clearly illustrated
by comparison of the data along the west and southwest radials. The
best agreement with theoretical values at all frequencies was obtained
along the comparatively smooth southwest line. There was closer agree-
ment with the theoretical curves at 67.25 megacycles than at 288 mega-
cycles, while the measured values at 510 and 910 megacycles were
usually far below the theoretical. The data has been analyzed and
presented in Figures 16 to 19 to assist in forming an overall picture of
the situation.

Shadowing from hills and other obstructions increases steadily as
the frequency increases, thus requiring higher power at the higher
frequencies. Figure 20 offers a basis for estimating power require-
ments as a function of frequency. In general, the service area depicted
by a series of contours of constant field intensities will be about the
same size for the high frequencies as for the lower frequencies, but
the service area for the high frequencies will be spotted with local
areas where the signal is low or nonexistent. To insure signals of
usable strength in some of these local shadow areas, at frequencies
between 500 and 900 megacycles, it would be necessary to increase
the radiated power by a fantastic ratio. On the other hand if the entire
service area of a 900-megacycle transmitter consisted of terrain similar
to that encountered on the southwest radial, one might expect to pro-
vide a very substantial service with a radiated power of the order of
100 kilowatts.

The effect displayed in Table I, namely the failure of high-gain
directive receiving antennas to function properly in shadowed areas
where the field is badly distorted, cannot be over-emphasized since this
makes it impossible to employ a simple means of making use of weak
signals.

Multipath effects are present at both 67.26 megacycles and 288
megacycles, but are usually too slight to be serious. In obstructed or
hilly areas, multipath at 510 and 910 megacycles is severe. However,
in most places, a clean picture could be obtained by orienting the re-
ceiving antenna. It was generally possible to find several responses
which gave a good picture. This was true when the receiving antenna
was a large array having a narrow beam and a large front-to-back
ratio or a single dipole and reflector with low front-to-back ratio and
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a broad pattern. It is quite likely that the best position and orientation
of the receiving antenna for one station operating in the frequency
band between 500 and 900 megacycles will not prove to be best or even
suitable for one or more other stations operating on other channels in
the band. Indeed, receiving antennas may be required which are
rotatable and even this added luxury may prove to be insufficient. At
least, it seems evident that the receiving antenna problem will be of
primary importance in establishing a successful television broadcast-
ing service at these higher frequencies.
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APPENDIX

System Calibration for Determining Field Intensities

In the process of measuring the field intensities at 510 and 910
megacycles, it was necessary to determine a number of physical quanti-
ties at the transmitting end. The effective radiated power was found
by estimating the power gain of the directive array, reducing this figure
slightly to allow for power loss in the transmission line, and finally
multiplying these factors by the actual power output of the oscillator.
The power output was determined by replacing the antenna by a water-
cooled load resistor arranged so that water flow and temperature rise
of the cooling water through the resistor could be measured. A thermal
type milliammeter with a square-law scale was loosely coupled to the
transmission line and its deflection was proportional to power; the
proportionality constant was determined by the test with the water-
cooled resistor. The power-indicating meters may be seen on the two
transmission lines shown in Figure 8.

On the receiving end, the effective length and gain of the receiving
antenna was measured. These figures, together with transmission line
loss and signal generator calibration, related the signal generator
reading to the field intensity.
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When the field measurements were completed, the entire set of trans-
mitting equipment used at 510 and 910 megacycles was moved to the
Laboratories in Princeton, where the directive transmitting antennas
were erected on the roof of a one-story building. The field intensity
measuring equipment in the field truck with the receiving antenna 30
feet above ground was used to measure the signal in the beam of the
transmitting antenna at a number of points a few hundred feet from
the transmitting antenna. The vertical beam width of the transmitting
antenna was narrow enough so that for a distance of over 400 feet
the receiving antenna was subjected to only the direct wave, with no
ground-reflected signal. Only two quantities were necessary in this
determination. The first was the deflection of the power-indicating
meter on the transmission line feeding to the transmitting antenna.
This meter reading may be referred to as D. Then in the field truck,
the receiver was tuned to the operating frequency and the deflection
of the output meter noted. The antenna was then replaced by the
signal generator and the signal generator output adjusted until the
output meter on the receiver showed the same deflection as before.
The signal generator output voltage was then recorded. This latter
quantity is designated as Vo

The free-space field for P kilowatts of radiated power is

137VP 724,000/ P
dmllel d/t

E (millivolts per meter) =

1)

But

724,000\/K,D
dy

where K; = the product of receiving-antenna gain, effective length,
and the loss factor for the transmission line; and

E=V, K, = (2)

K, = factor on the power-indicating meter to convert to kilo-
watts, lumped with the power gain of the transmitting
antenna, including transmission line loss.

It should be remarked that it is not even necessary that the signal
generator be calibrated in absolute value, but only necessary that
the linearity be established and an unknown coefficient of linearity be
assumed. This latter coefficient may then be lumped in K,.

The solution of Equation (2), gives

K,  724,000:/D
— = (3)
\/K-z Vm ° dlt
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Following this procedure, the ratio K,/\K. was determined at both
510 and 910 megacycles, using a dipole in front of a flat reflector and
a directional array for receiving at each frequency. Thus there were
obtained four values of this ratio for reference use in determining
actual values from the field data obtained along the west and southwest
radials.

The field intensity at some point along a radial is proportional to
the square root of the effective radiated power. This field, called E’, is

E’ (millivolts per meter) = F - VK,D’ (4)

where D’ is the reading of the power meter at the transmitter, shown
by the log book to be the value existing at the approximate time of
measurement of field intensity. K, is the same as the coefficient used
in Equation (2) because the same transmitting equipment was used
in both cases. The quantity, F, is a function of the transmitting and
receiving antenna heights, the frequency, and a number of other vari-
ables, including the effect of hills and trees on the propagation. F could
be determined analytically only by possessing unlimited mathematical
ability. In any event, it is seen that F is field intensity in millivolts
per meter for one kilowatt of radiated power, the quantity that was the
object of the survey.

With the receiving equipment, the signal generator reading is de-
termined that corresponds in strength to the signal found on the
receiver terminals. This reading is V’,,. Then the field intensity is

B = V'K, (5)

Equating (4) and (5), the quantity F is found to be given by the
relation

Vi

K,
F = X —— (millivolts per meter for one kilowatt) (6)

o

Thus to obtain the quantity F, one needs simply the measured signal
generator output, V’,,, the power output meter deflection D’, and the
appropriate ratio determined in Equation (3). The experimental values
shown in Figures 13 and 14 were derived from the field observations
in this manner.

It is interesting to see that the method outlined in this Appendix
yields the desired field intensity data, namely millivolts per meter for
one kilowatt of effective radiated power, without it becoming necessary
actually to measure the power or to calibrate the receiving equipment
or signal generator.




FIELD TEST OF ULTRA-HIGH-FREQUENCY
TELEVISION IN THE WASHINGTON AREA*{

By

GEORGE H. BROWN

Rescarch Department, RCA Laboratories Division,
Princeton, N. J.

Summary—A field test of ultra-high-frequency television was conducted
by RCA and NBC in the Washington area during the fall of 1948. A picture
transmitter and a sound transmitter, together with a high-gain transmitting
antenna, were installed at the Wardman Park Hotel.

Two types of converters were designed and constructed for these field
tests. More than fifty converters and appropriate receiving antennas were
installed in homes having conventional receivers.

A field intensity survey was conducted and the results are analyzed
in terms of coverage.

At each of the home locations, voltages corresponding to the ultra-high-
frequency transmission and to the transmission of WNBW on Channel 4
were measured. An analysis of this data i8 included, with respect to power
requirements for satisfactory picture reception and with respect to com-
parative coverage at the low and high frequencies. The results of the field
intensity survey are compared to the results obtained at home locations.

Observations concerning the effectiveness of directional receiving an-
tennas as well as conclusions concerning multipath effects are included.

INTRODUCTION

lished! which afford a direct comparison of the propagation

characteristics of radio waves at the frequencies 67.25, 288,
510 and 910 megacycles. The major portion of this work consisted of
field intensity measurements taken with mobile equipment, so it seemed
logical to follow this project with a program which would look toward
reception in home locations under typical operating conditions. In the
spring of 1948, the work of RCA Laboratories on color television was
aimed in the direction of a field test involving transmissions on fre-
quencies in the region of 500 megacycles; four transmitters were being
built. Three of these transmitters were needed for the simultaneous
color system of transmission, while the fourth was the accompanying
sound transmitter. It was planned to install the sound transmitter
and one of the picture transmitters at the Empire State Building in

MEASUREMENTS and observations have already been pub-
RAYA
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New York prior to the completion of the entire system. This was to
hasten the gathering of data typical to a broadcast operation and to
gain experience with the installation of converters in home receiving
locations.

With the announcement by the Federal Communications Commission
of a public hearing in the matter of utilization of frequencies in the
band 475 to 890 megacycles for television broadcasting, plans were
altered and a decision was made to carry out the initial phase of the
experiment in Washington. Hence, one picture transmitter and the
sound transmitter were moved to Washington and installed in the trans-
mitter room of Television Station WNBW at the Wardman Park Hotel.

The Washington experiment was intended to provide typical broad-
cast coverage with receivers installed in home conditions. The results
of the transmissions could then be observed by many interested parties
while field intensity measurements and other pertinent data were being
accumulated.

Fig. 1—The ultra-high-frequency transmitter installed in the transmitter
room of WNBW.

DESCRIPTION OF THE WASHINGTON INSTALLATION

The Transmitlers

The transmitters installed at the Wardman Park Hotel operated in
the band of frequencies between 504 and 510 megacycles. The picture
carrier frequency was 505.25 megacycles, while the sound carrier fre-
quency was 509.75 megacycles. Figure 1 shows these two transmitters
in their location at the Wardman Park Hotel.

A monochrome transmission was provided using the same standards
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that apply in the 12 channels now used for commercial television broad-
casting. The power amplifier tube in each transmitter was a modified
Type 8D21. The 8D21 is a production type tube used in commercial
five-kilowatt television transmitters. However, for the high-frequency
experiments, it has been necessary to modify the construction slightly
to reduce high-frequency power losses. This tube is capable of opera-
tion at only the low-frequency end of the 475 to 890 megacycle band
and then at considerably reduced power.

The picture transmitter operated with a peak power of 1000 watts,
while the sound transmitter delivered 1000 watts of average power.

The Transmitting Antenna and Transmission Line

In anticipation of field tests of color television in the vicinity of
500 megacycles, a broadcast antenna with a power gain of 10 was
developed. This antenna uses the Turnstile principle, which provides
a well-matched antenna over a broad band of frequencies and permits
the use of a simple diplexer for feeding the sound and picture signals
into a single antenna. The antenna structure consists of a seamless
steel tube six inches in diameter and over twenty feet in length. When
the Washington experiment was proposed, it seemed logical to place
the high-frequency antenna on top of the Channel 4 antenna used by
WNBW. A study of the mechanical problem revealed that it would be
desirable to design and construct an antenna of smaller dimensions in
order that the supporting pole not be stressed unduly. Hence an an-
tenna ten feet in length and six inches in diameter was constructed
especially for the Washington installation. Sixteen slots were cut in
the tube and each slot was energized from a transmission line inside
the tube.

The power gain of this antenna used in the Washington field tests
was 5, with a single half-wave dipole used as the unit of reference.

Figure 2 shows the high-band antenna mounted above the WNBW
Superturnstile, with the center of the high-band antenna 357 feet above
ground and 563 feet above sea level.

As in the case of the larger antenna with a power gain of 10, a
simple diplexer may be used to feed the picture signal and the sound
signal into the same antenna. It was intended to use the diplexer in
this manner, with the diplexer mounted in the base of the antenna and
with two separate transmission lines, one running from the picture
transmitter to the diplexer and the other running from the sound
transmitter to the diplexer. However, because of the short time avail-
able to construct a very special transmission line as well as the installa-
tion problem on the tower, it was decided to use only one line from
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the transmitter room to the antenna and to couple the two transmitters
to this transmission line through an isolating filter.

A diplexer was nevertheless mounted in the base of the antenna,
but not for the usual purpose. At the point where the sound line is
connected in conventional operation, a resistance of fifty ohms was
inserted. The inclusion of this resistor was brought about through a
theoretical study carried out at these laboratories which revealed that
a resistance of the proper value placed at this point on the diplexer,
when the diplexer is used in conjunction with a Turnstile antenna, will
provide a perfect termination for the other end of the diplexer and
will insure a circular radiation pattern in the horizontal plane. The
term chosen for this approach is “resistance stabilization.”

While the antenna used in Wash-
ington had a power gain of 5, it
should be recalled that the power
gain was limited to this figure by
the mechanical strength of the sup-
porting pole and that an antenna
with a power gain of 10 has already
been constructed and tested. In an
installation where one had complete
control of the design of the sup-
porting structure, it would be quite
feasible to realize this higher power
gain,

It was originally intended to use
commercially available transmission
lines to carry power from the trans-
mitters to the antenna. A critical
examination soon revealed that none
Fig. 2— The high-band antenna of the familiar commercial lines
mounted ab°‘£zrtr}::tiYZNBW Super-  would be suitable for use in the

range of frequencies between 475
and 890 megacycles. The unsuitability was caused by electrical dis-
continuities on the line due to the insulator effect. A transmission
line which is electrically smooth throughout this range of frequencies
was developed and it was this new type of construction which was used
in the Washington field tests. The outer conductor.of the line was
over three inches in diameter. Even with this large line, the attenua-
tion was 0.31 decibels per 100 feet, so that with a line 450 feet in
length, only 72.5 per cent of the transmitter power arrived at the
antenna.
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While the power gain of the antenna itself was 5, one must con-
sider the transmission line, with a “power gain” factor of 0.725, to be
part of the antenna system. Hence, the power gain of the antenna
system was 3.625. Then the effective radiated peak power for the
picture transmission was 3625 watts, with 3625 watts average power
for the sound transmission.

The Vestigial Sideband Filter

New circuit developments were applied to the problem of designing
a vestigial sideband filter for use in the ultra-high-frequency range
which resulted in a compact filter that had the same electrical char-
acteristics as those used with present commercial television transmit-
ters. This filter was installed with the ultra-high-frequency trans-
mitter in Washington and has been used throughout the tests. This
successful operation means that as far as the transmission standards
are determined by the vestigial sideband characteristics they may be
the same as the present commercial standards.

Converters and Receiving Antennas

Two television converters were developed at the laboratories for
experimental use in the Washington field tests. The converters were
intended for operation in conjunction with any standard television re-
ceiver having a push-pull input connection of 300 ohms impedance.

The Model A converter had a tuning range from 480 to 800 mega-
cycles, while the Model B converter had a tuning range from 480 to
600 megacycles. Both models had self-contained power supplies and
both models converted ultra-high-frequency television signals down
to Channel 8 on a standard television receiver.

The noise factor for the Model A converter, using a crystal mixer,
was 10 decibels above thermal noise, and the corresponding factor for
the Model B converter was 22 decibels above thermal noise.

In Table I, the results of a number of calculations concerning the
noise limitations of these converters are shown. In the case of the
theoretical noise voltage for the 300-ohm resistor, the band width was
taken as 4 megacycles. The noise voltages for the two converters are
shown in the same column. The right-hand column shows the peak
radio-frequency signal required to give a signal-to-noise ratio (i.e.,
the ratio of peak radio-frequency signal to root-mean-square noise
voltage) of 30 decibels. A radio-frequency signal-to-noise ratio of 30
decibels gives a useful peak-to-peak signal to root-mean-square noise
at the kinescope of 28.6 decibels, assuming standard synchronizing
pulse and black level, with white level at 15 per cent. This is a value
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which is considered to be a nominal value for acceptable service, and
possibly may be considered a minimum acceptable signal.

Table I
Peak Radio-Frequency
Root-Mean-Square Signal Required to
Noise Voltage Give Signal/Noise Ratio
Source of Noise (Microvolts) of 30 Decibels (Microvolts)
300-ohm resistor 2.19 69.0
Model A converter
(Noise factor 10 db.) 6.9 219.0
Model B converter
(Noise factor 22 db.) 27.1 860.0
Commercial television receiver
in average adjustment
(Noise factor 14.5 db.) 11.5 365.0

By using the equation on page 194 of Reference 1, the field intensity
required to produce 219 microvolts on the 300-ohm input terminals of
the Model A converter can be computed. In deriving this equation, it
was assumed that the signal was being received on a half-wave dipole
and that this dipole in turn fed the signal to a 300-ohm transmission
line through a suitable matching section. It is found that at a fre-
quency of 505.25 megacycles, the microvolts on the receiver terminals
should be multiplied by a factor of 5.3 to obtain the field intensity
in microvolts per meter. Then, a field intensity of 1160 microvolts
per meter would be required to produce, under these circumstances,
a voltage of 219 microvolts on the terminals of the Model A converter.

Lower field intensities could be used if circumstances permit the
use of a directional receiving antenna. However, in many locations, the
field is so distorted that little or no benefit is derived from a directional
receiving antenna.

In designing television receiving antennas, one is concerned with
the problems of obtaining a desirable radiation pattern over a wide
band of frequencies and of obtaining a reasonable impedance match
between the antenna and transmission line. If the receiver is well
matched to the transmission line, the efficiency of signal transfer from
the antenna to the transmission line may be expressed in terms of the
antenna impedance. However, a more convenient method makes use
of the measurement of the voltage standing-wave-ratio on the trans-
mission line when the antenna is used in the transmitting condition.
If we call this ratio of minimum voltage to maximum voltage R,
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2VE
E’/E” —
1+R

where E” is the voltage received on the receiver terminals when the
antenna is perfectly matched to the line and E’ is the voltage received
on the receiver terminals when the actual antenna which is not per-
fectly matched is used. Table II gives a number of values for this
ratio of voltages.

Table I
Standing-Wave-Ratio, R (E'/E”) X 100

1.0 100.

0.7 98.5
0.6 96.7
0.5 94.2
04 90.2
0.3 84.2
0.2 74.3
0.1 57.4
0.05 42.5

Thus it can be seen that if the standing-wave-ratio R is not less
than 0.5, less than 6 per cent of the maximum possible voltage is lost.

In preparation for the Washington experiment, several simple an-
tenna types were designed and constructed. Since it was planned to
install converters in a large number of homes under a variety of con-
ditions, it seemed appropriate to concentrate on relatively inexpensive
constructions that would not in general be objectionable when installed
on the average home.

A broad-band receiving dipole is shown in Figure 3. This antenna
retains its characteristics as an effective dipole over the entire band
of frequencies from 475 to 890 megacycles. The impedance match ex-
pressed in terms of transmitting standing-wave-ratio is better than
0.6, so Table II shows that less than 4 per cent of the received voltage
is sacrificed by mismatching losses over the entire band. In the
neighborhood of 500 megacycles, the radiation pattern is very similar
to that of a conventional dipole, while at the upper end of the band
the pattern is somewhat narrower with a slightly higher antenna gain
factor.

A rather simple directional receiving antenna is the rhombic shown
in Figure 4. This antenna is a little over six feet in length and less
than four feet in width. The impedance match is excellent over the
entire band.
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= Fig. 4—A rhombic receiving an-
Fig. 3—A fan dipole useful in the tenna used in the Washington field
ultra-high-frequency band. tests.

A simple directional antenna using a dipole and a parasitic director
is shown in Figure 5. This antenna is limited in use to the 504 to 510
megacycle channel by its impedance characteristic and by its changing
directional pattern. Through this limited band, the standing-wave-ratio
under transmitting conditions is greater than 0.5 and the antenna thus
operates at good efficiency.

A compact broad-band unidirectional antenna using four dipoles
connected by a transmission line network has been developed and is
shown in Figure 6. The pattern does not change materially in the
band between 475 to 890 megacycles, and the impedance match is also
very good throughout this same band.

The simplicity of installation with the relatively unobtrusive fan
dipole is illustrated by the photograph of a typical home installation
shown in Figure 7.
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Fig. 5—A dipole-director array for Fig. 6 — A broad-band unidirec-
the band from 504 to 510 mega- tional array developed for use in

cycles. the ultra-high-frequency channels.
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Installation of converters and receiving antennas started shortly
after the beginning of transmissions on September 1, 1948. During
that month, 35 Model A converters and 16 Model B converters were
installed in the Washington area. Of these installations, 47 were ac-
companied by an antenna installation which appeared to be appropriate
for the particular set of circumstances. These included 3 dipole-
director arrangements, 5 broad-band unidirectional arrays, 15 rhom-
bics, and 24 fan dipoles. In each case, the installation crew tried a
variety of antenna positions as well as the various antenna types. The
predominance of the fan dipoles was due to two factors. Where a
satisfactory picture could be obtained with the fan dipole, it was
selected because of its simplicity. In many other instances, particularly
in the shadowed areas, it was often found that the fan dipole gave
at least as strong a signal as the directional antennas. The rhombic
antenna often gave results superior to any other type and was used

Fig. 7—A fan dipole
installed in a typical
home location.

in those instances. In some of the shadowed areas it was inferior to
the fan dipole, but in at least one extremely obstructed position it was
far better than the other antennas. The dipole-director was found to
be of little value in any location.

DATA OBTAINED FROM THE WASHINGTON EXPERIMENT

The Field Intensity Survey

For measurements of field intensity in the New York area, a truck-
mounted receiving antenna at an elevation of 30 feet was used, the
truck was moved around a local area, where possible, and the receiving
antenna was rotated at the same time. In this way, a search was made
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for maximum signal with the most usable picture. Since maximum
signal did not always correspond to the most usable picture, the field
intensity corresponding to best picture was recorded. Receiving sites
were chosen in a variety of surroundings: in open fields, in wooded
areas, along highways, atop hills, and in valleys. An effort was made
to stay away from electric lines and large buildings. The same pro-
cedure was followed in the Washington area.
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along the north radial. The receiv- northeast radial.
ing antenna was 30 feet above
ground. The effective radiated
power at 505.25 megacycles was 3.6
kilowatts.

For reference in connection with this survey and to show the type
of terrain in the Washington area, profiles have been plotted for eight
radial lines with the WNBW tower as the point of origin. These pro-
files are shown at the bottom of Figures 8 to 15, inclusive. Only part
of the story is indicated by these figures, since Washington has a
great number of large trees, large homes, and many apartment build-
ings. The profile of the southeast radial looks very flat in the first
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five miles, but actually this is the region of large hotels and office
buildings.

The field intensity measured along these eight radial lines is shown
in Figures 8 to 15, inclusive. The exception should be noted that in
Figure 15 the profile is along the northwest radial while the field in-
tensity measurements are taken along the northnorthwest radial. This
change was necessary in order to use available roads. During the
course of these measurements, the effective radiated power referred to
peak of synchronizing signal was 3.6 kilowatts. The field intensity
recorded in these figures refers to peak of synchronizing pulse.

L
I T T T 'é =il
- L
L]
o n
« L 1 q
w io* « T o
w - w -
3 A L
5 - 3 ° i
a I |
.'_l a
§ 4 o o
3 o 3
& o
] « 3
X LS :d Y e 0
3
ho® 1 ?
2 34 608610 20 | 2 34 860 20
MILES MILES
AT SPUFHEAST ELEVATION ABOVE
MEAN SEA LEVEL
| = | ' | &
N l 3 N A
T 1 W M A
5 v |4 i i A / i R
Fig. 10—Field intensity along the Fig. 11—Field intensity along the
east radial. southeast radial.

A comparison of Figures 8 to 15 with the corresponding profile
reveals a distinct correlation between the profile and the measured
field intensity, with some departure due to local effects such as trees
and buildings. '

In making a comparison of the measured field intensity with theo-
retical values, the profiles on each of the eight radials shown in Figures
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8 to 15 were averaged. The average elevation for each profile was then
used in a calculation of the theoretical field intensity curve for the
particular radial. Then the measurements of Figures 8 to 15 were
analyzed on a statistical basis, with the results shown in Figure 16.
Curve A relates the measured values to the theoretical curve at 505.25
megacycles. Curve B was constructed by comparing the measured
values at 505.25 megacycles with the theoretical field intensity curve at
67.25 megacycles, with the same effective radiated power in each case.
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Signal Strength on Receiver Terminals in Home Locations

The locations of 44 converter installations in the Washington area
are shown in Figure 17. At these locations, the 505.25-megacycle volt-
age on the terminals of the converter was measured. At the same time,
the voltage on the receiver terminals of the low-band antenna was
measured for the WNBW Channel 4 transmission. At the time of
these measurements, the effective radiated power for the 505.25-mega-
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eycle transmission was 3.6 kilowatts, while the effective radiated power

for WNBW was 20.5 kilowatts.

Table III lists the map location and distance from WNBW for the
converter installations shown on Figure 17, as well as the 505.25 mega-
cyele and 67.25 megacycle voltages measured on the receiver terminals.
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Fig. 17—A map of the Washington area showing the locations of converters
and receiving antennas listed in Table III.

From a comparison of the measured voltages on the receiver ter-
minals at 505.25 megacycles and at 67.25 megacycles, the probability
curve shown in Figure 18 has been constructed. From this curve
one can find the power needed at 505.25 megacycles in order that the
receiver voltages at a given percentage of the receiver locations shall
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TABLE 111
Receiving Receiver voltage
Location Distance Recelving antenna Converter {microvolts)
Number  (miles) antenna height (ft.) 505.25 Mc 67.25 Mc

1 2 Dipole- Roof of 12- A 2.250. 188.000.

director story bldg.

2 2 Fan Roof of 12- A 4.750. 137,000,

story bldg.

3 3 Rhombic 50 A 338. 950.

4 2 Fan 40 A 563. 9,250.

5 1 Broad-band 47 A 485. 18,800.

array

8 5.3 Rhombic 45 A 550. 3.500.

7 4 Broad-band 5 A 1,950. 25,000,

array

8 7.2 Fan Indoor. attic of A 580, 7,000,

apartment bldg.

[ 8.3 Rhombic 45 A 1,010, 10,000.
10 5.3 Rhombie —_ A 127, 11,000.
11 3.2 Fan 55 A 33s. 8.250.
12 7.2 Rhiombic 40 A 466. 8.000.
13 7.7 Rhombice 42 A Below 50 325.
14 5.8 Dipole- 42 A 1.850. 1,875,

director
15 7 Rhiombie 385 B 1.430. 32,500.
16 2.5 Fan 40 B 8.000. 82,500,
17 6.6 Rhombic 40 A Below 30 8,500.
18 2.9 Fan 50 A 775. 50,000.
18 3.3 Fan 42 B 503, 25,000.
20 1.4 Fan 30 A 233. 28,800.
4.6 Fan 33 B 2,760. 2,250.
22 5.5 Broad-band Attice A Below 30 3,750.
array
23 4.1 Fan 40 A Below 50 8.250.
24 5.6 Fan Attic B Below 30 3.660.
25 5 Dipole- 38 A 565. 6,750.
director
26 4.4 Rhombic 32 A 142, 4.500.
27 5 Rhoinbic 38 A 474. 16.250.
28 0.2 Fan 50 A 18,800. 32,500.
29 4.7 Fan 38 A 263. 4,000.
30 3.5 Fan 50 A 417, 9,500.
31 3.4 Fan 40 B 3.080. 21,300.
32 [} Fan 28 A 4735, 4,000.
83 9.6 Broad-band 50 A 256. 11,000.
array
84 5 Fan 40 A 396. 8,750.
35 5.4 Rhombic 35 B 350, 10.500.
38 5.6 Fan 28 A 680. 10,750.
a7 1.1 Rhombic 8 fl. bldg. B 19.800. 250.000.
38 3.5 Fan 45 B 110, 7.500.
39 4.8 Rhombic 40 A 900. 4,000,
40 4.3 Fan 40 B 1.350. 10,250.
41 5 Fan 35 A 1.320. 18,800.
42 9.7 Fan 35 B 1. 140, 4.250.
43 [ Rhombic 0 A 210. 5.000.

44 4 Fan 25 A 450, 5,750.
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be as great as the receiver voltages obtained with 20.5 kilowatts of
effective radiated power on Channel 4. It may be seen that with the
present radiated power of 3.6 kilowatts at 505.25 megacycles, only
4 per cent of the locations achieve a signal strength as great as that
obtained on Channel 4. In order that 50 per cent of the locations realize
this goal, the power requirements at 505.25 megacycles would be 1200
kilowatts. To obtain the same result for 70 per cent of the locations,
a radiated power of 5000 kilowatts would be required.

(L2 It may be of interest to return
for a moment to the survey in the
New York area. Using Figure 20
of the Reference 1, and assuming

/ that a half-wave dipole was used

/1 for the receiving antenna, it was

estimated that the power required
at 505.25 megacycles should be 210

y times the power of the Channel 4

s station WNBT to obtain equality

$of receiver voltages for the two

frequencies at 50 per cent of the
locations. Multiplying 210 by the

/ effective radiated power of WNBW,

e . T 20.5 kilowatts gives 4300 kilowatts.

rencenrage or LocArions with meceven voace  Again using the results of Refer-

or terective aavareo powen 0™ ence 1, it is found that the power

Fig. 18—A statistical analysis of required to achieve the same result

it:e }Y:xl::g‘izcggiofs: e’z;;::;;génail: at 70 per cent of the locations would

ter5n125.5 ;;nfe ;;c;wcelx;s rie:%i;‘gg;ertl;s ta: be 10,660 kilowatts. The following
g(i)vén perc%ntige of locations sahall comparison of the Washington tests

have as great a signal as obtained and the New York survey can then
from WNBW with 20.5 kilowatts

EFFECTIVE RADIATED POWER~ Kw

of effective radiated power. be made.

Percentage of receiving Power requirements Power requirements
locations with receiver estimated from the estimated from the
voltage equal to the Washington tests. New York tests.
Channel 4 signal. (kilowatts) (kilowatts)

50 1,200 4,300
70 5,000 10,660

The agreement between the power estimates obtained from these
experiments in two different areas of somewhat different topography
is well within the limits of experimental accuracy for this type of data.
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In addition, it should be remembered that in many installations in the
Washington area directive receiving antennas were used effectively
while the estimates from the New York data were based on the use
of a dipole.

Since at most of the receiver locations in the Washington tests the
Channel 4 signal is far in excess of the value required to give a com-
pletely noise-free picture, it may be more appropriate to examine the
power requirements at 505.25 megacycles to obtain a noise-free picture
or at least a marginal picture. With this objective in mind, Figure 19
woe was constructed from the data in
Table III. The lower curve in this
figure shows the power requirements
to obtain 219 microvolts on the re-
ceiver terminals at a given number
of locations. This is the value of
voltage which was estimated earlier
R  in this paper as being necessary to

° give the minimum acceptable signal-
// to-noise ratio on the Model A con-
/ verter. Examination of the lower

" curve reveals the following power
¢ 2 & © 20 30403 070 80 %0 requirements when the Model A con-

PERCENTAGE OF LOCATIONS WITH RECEIVER VOLTAGE :
GAEATER THAN INDICATED ON THE INDIVIDUAL CURVES verter is used.

J

A [

N
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N\
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Fig. 19 — Power requirements at
505.25 megacycles in order that a
given percentage of the receiving
locations shall have a receiver ter-
minal voltage as great as the val-
ues indicated on the individual

curves.
Percentage of receiving locations Power estimate
with a receiver voltage of at (kilowatts)

least 219 microvolts

50 1

70 2.4
78 3.6
80 4.7

The middle curve on Figure 19 holds for a receiver voltage of 500
microvolts. This would give a noticeably better picture than the mini-
mum acceptable value of 219 microvolts. From this middle curve, the
following power requirements are found to yield at least 500 microvolts
on the receiver terminals.
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Percentage of receiving locations Power estimate
with a recelver voltage of at (kilowatts)
least 500 microvolts

51 3.6
70 10.2
80 22.0

The upper curve in Figure 19 is an attempt to estimate the power
requirements to obtain a minimum usable signal on the Model B con-
verter, that is, with 860 microvolts on the receiver terminals. Exami-
nation of this curve shows the following power requirements.

Percentage of receiving locations Power estimate
with a receiver voltage of at (kilowatts)
least 860 microvolts

2]

(=]

(o2l ]
S5 000
[=2=2 - Xor)

In an attempt to correlate the voltage measurements made in home
receiving locations with the field intensity measurements, the field in-
tensity data for the northnorthwest radial of Figure 19 has been trans-
ferred to Figure 20 where it is shown by the circles. A study of Figure
17 shows that the home locations numbered 4, 5, 7, 10, 11, 16, 29, 30,
34, 36, 38, and 39 are within reasonable distance of the northnorthwest
radial. At two-thirds of these home locations, fan dipoles were used.
It has been shown earlier that to convert receiver voltage to field in-
tensity, for a dipole receiving antenna, a factor of 5.3 should be used.
Hence the receiver voltage for the above twelve locations was converted
in this manner, with the results shown by the crosses on Figure 20.
A reasonable correlation may be seen with the limited data.

CONCLUSION

Contrary to experience in the New York area, multipath interfer-
ence was found to be of little consequence in the Washington installa-
tions. Multipath signals were in evidence and it was necessary to move
the receiving antenna to eliminate it. However, the major problem in
many installations was to find a spot where the main signal was strong
enough. The difference may be due to two factors. The signals observed
on the west radial in the New York tests were radiated from the Empire
State Building, with many tall buildings surrounding the source, but
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at lower level. However, it was felt that the use of a directional trans-
mitting antenna in the New York tests had minimized the multipath
effects. The second factor may be due to the relative powers used in
the two tests. In New York, high values of radiated power were used
so that both the main signal and the reflected signals were well above
the noise. In many cases in Washington, the main signal was only
marginal and it may well be that the multipath signals were obscured
because they were below noise level.
A literal interpretation of Figure
’ ¢ 18 shows that enormous amounts
H— of power are required at 500 mega-
1Tt cycles to give the same coverage as
- —i——~— obtained on the Channel 4 station.
f
|

i It should be remembered, however,
i that in the area of the measure-
e I ments, the Channel 4 station fur-
f I i nishes practically blanket coverage.
F + = Hence, not too extravagant amounts
e of power at 500 megacycles will
] ] R furnish a reasonable coverage over
_ | I N a limited area, without providing
e the large area coverage of the low
I S channels. When studying Figure 19
which indicates moderate power
levels for reasonable coverage of a
| ' I . large percentage of the home loca-
] 7 34 s 20 tions, one should, nevertheless, not
MILES fail to consult Figure 17 and take
Fig. 20—A comparison of field in- note of the fact that the majority
tensity data with voltage on re- of the home locations used in this
ceiver terminals, The SHISS 8%¢ analysis were grouped in aveas
the northnorthwest radial. The rather close to the transmitter.
crosses are the apperent feld, . The analysis of data shown in
terminal voltages at home locations Figure 16 indicates a greater de-
divided bay dti}};glcfiictgxr?ahelght of parture from theoretical values in
the Washington area than was
found in the New York tests. Two factors may account for the differ-
ence. In New York, the transmitting antenna was over 1000 feet above
ground, while in Washington the transmitting antenna was only about
350 feet above the immediately surrounding terrain. In addition, the
probability curve for the New York tests was formed by averaging
the results from the hilly west radial which passed through residential
districts with the results from the southwest radial which passed over

MICROVOLTS PER METER
°
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relatively barren territory. The terrain on all eight radials in Wash-
ington was not unlike the west radial of the New York tests.
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DEVELOPMENTAL TELEVISION TRANSMITTER
FOR 500-900 MEGACYCLES*¥

By

R. R. Law, W. B. WHALLEY AND R. P. STONE

Research Department, RCA Laboratories Division,
Princeton, N. J

Summary—Tubes and circuits have been developed which make possible
a one-kilowatt-peak-power wide-band television transmitter for the 500-900-
Mec band. A detailed account of these developments i presented.

The ultra-high-frequency tube employed in this transmitter is a modified
form of the 600-Mc oxide-coated-cathode pulse-triode developed during the
warl. In a push-pull amplifier a pair of these tubes gives a continuous-wave
output of more than one Kw at 800 Mc, and in wide-band service such as
would accommodate a color televigsion picture of the highest quality, a peak
power of more than one Kw i readily obtained. A movel feature of the new
tube is the tungsten-wire grid which leads to an unusually rugged tube.
Because of excellent grid cooling there i8 mo trace of grid emisgion; this
fact undoubtedly contributes to the stability of the system.

Wide-band operation imposes severe requirements on circuit design.
In the rf amplifier, precaution is taken to keep the stored energy low. In
the video amplifier, operation at high power level i8 accomplished by employ-
ing the above mentioned pulse triode to cathode-modulate the rf amplifier.
This combination of a large-area-cathode “Class-A” modulator tube and an
intermediate-area-cathode “Class-B” rf tube is advantageous for wide-band
8ervice.

INTRODUCTION

cathode pulse triode during the war!, it became apparent that
a modified version of this tube would be advantageous for
continuous-wave applications. Consideration of the fundamental elec-
tronics of ultra-high-frequency transmitting tubes?? indicated that

DURING the course of the development of a 600-Mc oxide-coated-
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such a tube might perform satisfactorily in the 500- to 900-Mc¢ band,
particularly if the interelectrode spacing could be kept small.

On the basis of this theory and as a result of preliminary tests it
appeared that a push-pull rf power amplifier employing a pair of these
tubes should give one-Kw continuous-wave at 800 Mc. Furthermore,
from an estimate of the ratio of stored-to-active energy, it seemed that
such an amplifier should have a bandwidth of between 15 and 20 Mec.
In the light of the thinking at that time, development of wide-band
transmitters to explore the possibilities of television at higher fre-
quencies was very desirable. Also, there were a number of basic
questions to be answered. Are oxide-coated-cathodes suitable for use
in moderate power ultra-high-frequency transmitting tubes? What is
the best way to modulate the triode? And finally, is neutralization
necessary in grounded-grid circuits? This paper outlines the results
of a study to answer these and other questions.

TUBE DEVELOPMENT

The essential features of the tube developed for these tests may
be seen in Figure 1. Starting at the lower left and proceeding clock-
wise around the photograph may be seen: 1) the stem assembly; 2)
the cathode-support assembly; 3) the heater; 4) the cathode; 5) the
cathode-heater assembly; 6) the cathode-stem assembly; 7) the grid
assembly; 8) the grid-stem assembly; 9) the final assembly; and in
conclusion, in the center of the photograph, the complete tube including
air-cooled radiator.

The cathode is approximately one and one-half inches in diameter
and has a coated area of about 7.5 square centimeters. The heater, a
single helical coil of 0.010 inch diameter insulated tungsten wire,
requires about 3 amperes at 18 volts to bring the cathode to operating
temperature in the absence of back bombardment.

The grid consists of 180 pieces of 0.007 inch diameter tungsten wire
silver-soldered to the oxygen-free-high-conductivity copper cap and
support cone. The ends of the tungsten wires-are lightly nickel-plated
to facilitate “wetting” by the solder. In order that none of the wires
shall inadvertently bow inward, they are sprung outward by a stain-
less-steel jig which holds them as they are soldered in a hydrogen-
atmosphere furnace. The slots in the base of the grid cone provide
flexibility to mitigate ill effects from differential expansion between

8 G. J. Lehmann and A. R. Vallarino, “Study of Ultra-High-Frequency
Tubes by Dimensional Analysis”, Proc. I.R.E., Vol. 33, No. 10, p. 663, Octo-
ber, 1945.

TR. R. Law, “Electronics of Ultra-High-Frequency Triodes”, accepted
for publication in Proc. I.R.E.
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Fig. 1—Details of ultra-high-frequency continuous-wave triode.

the grid cone and the Kovar grid flange. The grid cone is spot welded
directly to the grid flange. An electroplated layer of nickel on the base
of the cone facilitates making this weld. Because of the excellent grid
cooling there is no trace of grid emission. This construction makes
possible an unusually rugged tube, and the wires are so refractory that
the grid is almost indestructible.

One of the perennial problems in making vacuum tubes is how to
seal in the mount or assembled tube without damaging critical parts.
Although use of a nitrogen atmosphere to prevent oxidation® will
suffice for thoriated-tungsten filament tubes, oxide-coated-cathode tubes
are more susceptible to damage by overheating and contamination.
“Cold-sealing” has been accomplished by radio-frequency-heating tech-

8 8. Frankel, J. J. Glauber, J. P. Wallenstein, “Medium-Power Triode
for 600-Megacycles”, Proc. I.R.E., Vol. 34, pp. 986-991, December, 1946.
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niques®, but for experimental tubes the equipment required for this
process cannot be justified. In view of the attractiveness of the gold-
diffusion seal'®, development of a technique for joining Kovar-to-Kovar
by this method was undertaken. It was found that such a seal could
be made by the following procedure: 1) copper-plate the Kovar parts,
approximately 0.001 inch thick; 2) fire in hydrogen atmosphere for
20 minutes at 1030°C to bond the copper to the Kovar; 3) perform
glassing operation in the conventional manner; 4) remove oxide and
again copper-plate, the copper layer so applied adheres firmly to the
Kovar and provides a vacuum-tight copper-Kovar bond; and finally,
5) a gold ring compressed between the two copper-plated Kovar parts
serves to unite the parts during baking by the familiar gold-diffusion
process.

el ..I .'." .‘L_: ey '-: =
Fig. 2—Diffusion seal for bonding Fig. 3—Static characteristics of
Kovar-to-Kovar. ultra-high-frequency continuous-

wave triode.

Figure 2 is a photomicrograph of one side of such a composite seal.
The Kovar is below, the gold above. The lighter layer between the
gold and Kovar is the copper-plate that was fired at 1030°C. The dark
layer is unfired copper. There is no visible evidence that the gold has
penetrated the copper during the 450°C bake, but when the parts are
forcibly pulled apart a layer of gold adheres to the copper. This sealing
technique permits assembly of the tube parts without contamination
and in the present case does away with the all too familiar problem
of poisoning of the oxide-coated-cathodes. Furthermore, the better
vacuum obtainable with cleaner parts undoubtedly improves life.

The static characteristics of this tube are shown in Figure 3. For
purposes of comparison, its continuous-wave performance as an oscil-

9 W. P. Bennett, E. A. Eshbach, C. E. Haller, W. R. Keye, “A New
100-Watt Triode for 1000 Megacycles”, Proc. I.R.E., Vol. 36, No. 10, pp.
1296-1302, October, 1948.

10 J, B. Fiske, H. D. Hagstrum, L. P. Hartman, “The Magnetron as
a Generator of Centimeter Waves”, The Bell System Technical Journal,
Vol. XXV, No. 2, April, 1946.
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lator at 800 Mc is shown in Figure 4. On the basis of this performance
the empirical relation for efficiency’ indicates that its equivalent
cathode-grid spacing is 0.015 inch. This checks with the dimensions
of the parts when allowance is made for the fact that the hot spacing
is approximately 60 per cent of the cold spacing.

Preliminary life tests were made at power levels corresponding to
300, 400, and 500 watts continuous-wave output in rf amplifier service.
With the limited data available there is no correlation between life
and power level. Inasmuch as the 300-watt-continuous-wave level with
a single tube corresponds to transmitting one-kw-peak-power with a
“black” picture in the two-tube television transmitter, the remainder
of the tests were run at the 300-watt-continuous-wave level.

The primary factor affecting life is cathode temperature. Because
of back bombardment resulting from transit-time effects, the heater

input must be materially reduced.
L In practice, it is found that after
LT the tube is up to normal power, the
A 1 , heater power should be reduced
4 v about 50 per cent. An additional
yaW< 2 point of interest came out of the
/ //"r % life test data in view of the fact
y: . that early samples employed a cath-
/ « ode coating of less than 3 milli-
e L . grams per square centimeter,
avomt voumes - v ) whereas 7 to 12 milligrams per
Fig, 4o Perlormance of contitiol  square centimeter is recommended.
This compromise was introduced in
the early tests to minimize cathode peeling during manufacture which
frequently occurs during humid weather. These samples gave 400 to
600 hours life. Later samples employing the recommended coating gave
more than 1,000 hours life. Evidently life is proportional to cathode
thickness.

POWER OUTRUT-WATTS

CIRCUIT DEVELOPMENT

From the static characteristics of Figure 3 and the experimentally
determined optimum operating point it may be deduced that the rf
anode voltage swing is about 1,000 volts peak-to-peak under conditions
corresponding to one kilowatt power output from the two-tube trans-
mitter. In view of the 0.080 inch grid-anode spacing, the energy stored
at the tube electrodes is about 1.0 micro-joule or less than 0.06 micro-
joule per square centimeter. The active energy, or energy supplied by
the tubes on the other hand is 1.2 micro-joules or approximately 0.08
micro-joule per cycle per square centimeter at 800 Mc. Inasmuch as
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Q = (27) (Stored Energy)/(Active Energy per Cycle)

and bandwidth or frequency separation between half-power points
Af is!
Af = (Operating Frequency)/(Q of System),

the bandwidth resulting from the capacitance of the tube elements
themselves would be greater than 180 Mc. This bandwidth is so large
as to be of little practical significance other than to emphasize the fact
that the circuit will be the determining factor.

In the case of the cathode-modulated rf amplifier the energy stored
in the cathode-grid circuit has no adverse effect on bandwidth. In fact,
it may be desirable to store energy in this circuit to stabilize the driver
during peak power pulses. In contrast, energy stored in the anode
circuit is very detrimental. Unfortunately the present tube cannot be
operated in fundamental-mode circuits at these frequencies, and
harmonic-mode operation materially increases the stored energy. For
push-pull operation the anode line must be three-halves wavelength
long. Connections for dc are made at the midpoint. Furthermore, if
the circuit is to be tunable over an appreciable frequency range, the
electrical position of the discontinuity between tube and circuit will
shift. In view of this, it is desirable to keep the characteristic
impedance of the circuit so low that special means of transformation
will not be required. This is possible in the present case. The four-
inch-diameter-internal-conductor one-quarter-inch-radial-separation line
even with the most unfavorable match gives rise to a maximum voltage
of less than 600 volts peak-to-peak. On this basis the maximum energy
stored in the circuit at 800 Mc would be about 5 micro-joules,

To complete the estimate of bandwidth, allowance must be made
for the energy stored in the unmatched portion of the output system.
Because it is difficult to adjust the load coupling loop size, matching
stubs are desirable. With a voltage-standing-wave ratio of V2, the
energy stored in the stubs and unmatched portion of the output system
is about 3.0 micro-joules. To sum up, at 800 Mec the energy distribution
would be:

Energy stored in tubes 1.0 micro-joules

Energy stored in circuit 5.0 micro-joules
Energy stored in matching stubs 3.0 micro-joules

Total energy stored 9.0 micro-joules
Active energy per cycle 1.2 micro-joules

1 ¥, E. Terman, RADIO ENGINEERING HANDBOOK, McGraw-Hill
Book Co., Inc., New York, N. Y., 1943, pp. 429-430.
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whereupon the estimated bandwidth is
(800) (1.2 X 10-%)
= = 17 megacycles.
27(9.0 X 10-%)
In practice the bandwidth may be somewhat greater than this if the
load-coupling-loop match or the tube-to-circuit match are more favor-
able.

The physical layout of the circuits developed for this transmitter
may be seen in Figures 5 and 6. In Figure 5, the unit on the left is
the driver and the unit on the right is the cathode-modulated rf
amplifier. The coaxial line serving to transmit power from the anode
cavity of the driver to the cathode cavity of the amplifier with its

Fig. 5—500-900 Mc driver and rf ]
power amplifier. Fig. 6—R{ circuit details. perss’

matching stubs may be seen in the center of the picture. The coaxial
line serving to transmit power from the amplifier to the water-cooled
resistance load with its matching stubs may be seen in the right of
the picture. In Figure 6, the covers of the units have been swung open
or partially removed to reveal circuit details.

To take advantage of the bandwidth capabilities of this amplifier,
the wide-band modulator shown in Figure 7 was developed. This
modulator employs a pair of the aforementioned pulse triodes! to
cathode-modulate the rf amplifier. These modulator tubes make pos-
sible a current change of more than two amperes at an equivalent
transconductance of 0.15 amperes per volt. Such a combination of a
large-area-cathode “Class-A” modulator tube and an intermediate-area-
cathode “Class-B” radio frequency tube is advantageous in wide-band
service. The cathode-coupled stage ahead of the pulse triodes serves



U-H-F TELEVISION TRANSMITTER 227

to lower the effective input capacitance presented to the video amplifier.

Bias to the cathodes of the amplifier and final modulator stage is
supplied through the special choke “L” which is split into sections of
progressively increasing size to provide relatively high impedance
over the video band. So long as this impedance is large compared to
R,/ (14 p), the gain is substantially constant and equal' to w/ (14 .
In operation, the dc current to the anodes of the amplifier and modu-
lator is substantially constant; modulation at video frequencies serves
to switch the current from the amplifier to the modulator and vice
versa.

PERFORMANCE OF SYSTEM

The overall performance of the rf power amplifier and composite
system is indicated in Figures 8, 9, and 10.

mag o7 wour nr oursur

Aron PowER AM

Fig. 7—Wide-band modulator Fig. 8 — Variation of rf power
circuit. amplifier output with frequency.

Figure 8 shows the variation of continuous-wave power output with
frequency at a fixed anode voltage of 900 volts. It will be observed that
the anode efficiency of the amplifier is appreciably higher than that
shown for the oscillator in Figure 4. The difference arises from the
fact that the oscillator must supply its own exciting power whereas
the amplifier does not. Inasmuch as the power gain of this tube as
an amplifier under typical operating conditions is approximately three,
the amplifier output and efficiency may be expected to be about 50 per
cent greater than that of the oscillator

Figure 9 indicates the broadband potentialities of the amplifier.
Here is plotted the relative voltage in the sidebands as a function of
sideband frequency relative to the 800 Mc carrier. The circled points
joined by the solid line were taken by direct measurement of sideband
voltage in a calibrated spectrum analyzer. Conjugate points were
measured with the same circuit adjustment; in each case adjustments
were made so that both sidebands would have equal amplitude. The
ease with which these adjustments could be accomplished suggests that
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the response is nearly symmetrical. Due to the finite bandwidth of the
spectrum analyzer it was not possible to measure the response imme-
diately adjacent to the carrier. The intermediate region was checked
by direct observation of percentage modulation on the oscilloscope!2,
To increase the accuracy of readings the data were taken at high
percentage modulation. Thus, the amplitude of the modulating voltage
was adjusted to give 90 per cent modulation at low frequency, where-
upon its amplitude was held constant as its frequency was varied.
Because of this choice, the ordinate scale of Figure 9 corresponds to
percentage modulation as well as relative sideband voltage.

As may be seen from this response curve, the —3-db points are
approximately 19 Mc apart. If vestigial sideband operation were
employed, such an "amplifier would accommodate a color television
picture of the highest quality.
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Fig. 9—Wide-band response of rf Fig. 10—Rectified rf output with
power amplifier. sine wave modulation.

The linearity of modulation is indicated in Figure 10. This photo-
graph shows the rf load-diode-voltage as a function of time with 1.6
Mc sine wave modulation. Zero power level as established by the
vibroswitch?? is indicated by the horizontal line at the bottom of the
picture. Under the conditions portrayed the peaks correspond to 1.4 Kw
and the modulation is very nearly 100 per cent.

Contrary to the experience of previous workerss!3!4 there has been
no indication of a need for neutralization. This difference arises from
the low impedance of the present tubes as compared to those previously
available. Although it is possible to adjust the present amplifier so
that it will oscillate, this adjustment is far from the normal operating

12T, J. Buzalski, “A Method of Measuring the Degree of Modulation
of a Television Signal”, RCA Review, Vol. VII, No. 2, pp. 265-271, June,
1946.

13 E, Labin, “Design of the Output Stage of a High Power Television
Transmitter”, Electrical Communications, Vol. 20, No. 3, p. 193, 1942.

1 C. E. Strong, “The Inverted Amplifier”, Electronics, Vol. 13, pp. 14-16,
July, 1940.
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point. Because of the relatively high mu, the cathode-anode capacitance
is low and the undesired cathode excitation is small in comparison to
the driver excitation required for the low impedance system through-
out the 500-900 Mc frequency range. Oscillation is possible only when
the amplifier is unloaded and when the anode and cathode cavities are
detuned to give the appropriate grid-anode-voltage phase relationship'®.

CONCLUSIONS

Tests in a developmental 500-900 Mc television transmitter indicate
that oxide-coated cathode triodes may be used for moderate power
ultra-high-frequency transmitter applications. Although modulation
of the triode presents a serious problem, for wide-band service this
difficulty is in part overcome by employing a large-area-cathode “Class-
A” modulator tube to cathode-modulate an intermediate-area-cathode
“Class-B” rf tube. With tubes and circuits of proper design operating
under wide-band conditions there is no need for neutralization in this
frequency range.
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AN EXPERIMENTAL SIMULTANEOUS
COLOR-TELEVISION SYSTEM#*t

By

R. D. KELL, G. C. SzIKLAL R. C. BALLARD, A. C. SCHROEDER,
K. R. WENDT AND G. L. FREDENDALLI,

Rescareh Departmeut, RCA Laboratories Division,
Princeton, N, J

Part I — Introduction
R. D. KeELL

Summary—During 1945 and 1946 a complete sequential television
system was constructed and tested. This was followed by the development
of a simultancous system, compatible with the present commercial mono-
chrome television. This paper is the introduction to a group of two papers
which describe the transmitting and receiving apparatus used in the simul-
taneous system.

ITH the resumption of peacetime research and development,
%; ﬁh; color television became a major item in the research program
of RCA Laboratories.

A color-television receiver of the simultaneous type had been con-
structed in 1939. The circuit and tube limitations at that time were
such that satisfactory registration of the three-color images could not
be obtained.

In 1941 a sequential color system had been used by the National
Broadeasting Company to broadcast television pictures. With this work
as a background, the first step of our new research program consisted
of building, and putting into operation, a complete sequential type of
color-television system.! The camera made use of the new image orthi-
con for direct studio pickup. The associated sound was carried by
variable-width pulses occurring during the horizontal-return-line time.2
The result of this work was demonstrated on December 13, 1945. In
some of the tests, the radio transmitter operated on 288 megacycles,

* Decimal Classification: R583.

+ Reprinted from Proc. 1.R.E., September, 1947.

! R. D. Kell, G. L. Fredendall, A. C. Schroeder, and R. C. Webb, “An
Experimental Color Television System,” RCA Review, Vol. 7, pp. 141-154,
June, 1946.

2G. L. Fredendall, K. Schlesinger, and A. C. Schroeder, “Transmission
of Television Sound on the Picture Carrier,” Proc. I.R.E., Vol. 34, pp. 49-61,
February, 1946,
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with a power output of approximately 5 kilowatts. In other tests, radio-
relay-type equipment was used, operating on approximately 9000 mega-
cycles. With this work as a background it was possible to evaluate
more accurately the technical difficulties more or less inherent in such
a system.

In parallel with this work, a study was being made of the possibili-
ties of a simultaneous color system. The important fact that the simul-
taneous color system could be made an integral part of the expanding
black-and-white television service made such a system extremely attrac-
tive. Because the three primary pictures are transmitted at the same
time in the simultaneous system, each of the three primary color
pictures can have the same number of lines per picture, the same
number of fields per second, and the same other standards as the
present monochrome system. If they are so chosen, the present mono-
chrome and the simultaneous color systems are identical in all basic
respects, except that the color system transmits three independent
monochrome signals at one time. This condition results in the enor-
mously important fact that, with only the addition of a radio-frequency
converter, and without any alterations, a present monochrome receiver
will receive the programs transmitted by the simultaneous color method
(reproducing them in monochrome). The radio-frequency signal, cor-
responding to the green picture, contains information as to picture
detail and values of light and shade which, when translated into black
and white in the monochrome receiver, is capable of producing an
excellent picture. By associating the frequency-modulated sound chan-
nel with the green picture, at the same spacing as in the present mono-
chrome standards, the tuning of the converter to the green-picture
radio-frequency channel not only makes possible the reception of a
black-and-white image from the color transmission, but also makes
possible the reception of the associated sound. The red- and blue-
picture signals may be transmitted on separate radio-frequency carriers
and vestigial sidebands located adjacent to the green signal. Without
regard for compatibility, visual observations alone indicate that the
properties of flicker and resolution of images containing red and green
components are sufficiently similar to monochrome images that the
same standards should also apply. With reference to the blue compo-
nent, observations have indicated that an appreciable reduction in the
l;andwidth of the blue video is possible without degradation of the color
image. This is due to the eye having lower acuity for blue light than
for red and green light at brightnesses which are considered desirable
and at the relative brightnesses which produce subjective white. A
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simple confirmation of the lower acuity may be made by observation
of the blue component of a black-and-white test pattern of satisfactory
brightness at the normal viewing distance. It is found that the apparent
resolution in the blue image is definitely inferior to the resolutions of
red, green, or black-and-white images. From the point of view of
economy of bandwidth in channel allocation for color television, this is
a fortunate condition. A satisfactory blue video bandwidth for the
experimental system was 1.3 megacycles.
The transmission standards used are the flolowing:

525 scanning lines
Odd-line interlacing}green, red, and blue components
60 fields

Standard synchronizing wave form on the green video signal
4.5-megacycle bandwidth for green and red signals
1.3-megacycle bandwidth for the blue signal.

In the color receiver, the three signals are separated by means of
intermediate-frequency circuits and used to control the brightness of
the three color images, which are optically superimposed.

Preliminary attempts at producing pictures using the simultaneous
method involved the use of a single cathode-ray tube having three elec-
tron guns with a single deflecting yoke. The three scanning rasters
were at different positions on the face of the cathode-ray tube. Pre-
liminary results with this tube were sufficiently promising to justify
the design and construction of a color-slide scanner capable of gener-
ating the three color signals of the simultaneous system.* The limita-
tions in a system in which different areas of a single cathode-ray tube
are scanned soon became evident. Work was then concentrated on the
construction of a projection-type receiver having a 15- by 20-inch
screen where three small cathode-ray tubes simultaneously projected
the three color images on the viewing screen.t The reproduction of a
picture by this receiver using signals transmitted by coaxial cables was
demonstrated to the press and others on October 30, 1946.5

At a later demonstration, on January 29, 1947, receivers of this type
were operated over a radio-frequency circuit. At this time a simple
radio-frequency converter connected in the antenna circuit of a stand-
ard black-and-white receiver made possible the reception of the green

8 @. C. Sziklai, R. C. Ballard, and A. C. Schroeder, Part II, “Pickup
Equipment,” Proc. LR.E., this issue, pp. 862-871.

4 K. R. Wendt, G. L. Fredendall, and A. C. Schroeder, Part III, “Radio-
Frequency and Reproducing Equipment,” Proc. I.R.E., this issue, pp. 871-875.

5 A progress report, “Simultaneous All-Electronic Color Television,”
RCA Review, Vol. 7, pp. 459-468; December, "19486.
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component of the simultaneous color picture, along with the associated
sound. To illustrate the optical efficiency of a simultaneous color
system, the next step in the development program was the construction
of a projection-type receiver capable of producing a picture 7% by 10
feet. This picture had a brightness of approximately 10 foot lamberts.
The receiver was demonstrated at the Franklin Institute on April 30,
1947, using color slides and 16-millimeter motion-picture film as subject
material.

Several major technical items remain before color television can be
considered for a commercial service. Among these items may be in-
cluded studio and outdoor cameras. One of the major remaining prob-
lems is the field testing of the complete system. This will involve the
construction and installation of high-power television transmitters with
the associated terminal facilities for film and studio transmission.
Propagation measurements must be made to determine the broadcast
coverage possible in the new range of ultra-high frequencies required
for color. The preliminary indications are that much higher effective
radiated powers will be required for color transmissions in the 500-
to 900-megacycle region than are at present required in the commercial
television channels. Tests on various types of receivers under actual
operating conditions must be made to determine the practicability of
the receiver design when placed in the hands of the layman. The tests
of the simultaneous color system have been sufficiently complete to
indicate that there are no serious fundamental technical difficulties.
The work with the system has indicated, directly or as a result of
analysis, the objectives of further research and development,

It is the purpose of this group of papers to describe the system, the
experimental apparatus, and the tests that have been made. The de-
scription is divided into two parts: “Pickup Equipment,” and “Radio-
Frequency and Reproducing Equipment.”
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Part II — Pickup Equipment

G. C. Szixral, R. C. BALLARD AND A, C. SCHROEDER

Summary—The technical development of the present flying-spot-type
color-television pickup equipment is described. The use of a high-voltage
kinescope with a short persistence phosphor, of the multiplier-type photo-
tubes and dichroic filters, permit the construction of apparatus for flying-
spot scanning of color slides and color motion picture film providing excellent
color video signals. The circuit equalization for the phosphor persistence
is described in detail. The use of the simple flying-spot scanner for studio
pickup is described.

I. INTRODUCTION

systems reached a point where a systematic development of a

particular system could be scheduled, the first part of the pro-
gram was to develop terminal equipment with the greatest flexibility
and reliability. For the initial adjustments of the first simultaneous-
color-television image reproducers, a monoscope signal was divided by
three parallel-input amplifiers, and thus the three grids of the repro-
ducer were controlled by the same signal. This type of signal was
perfectly adequate to check resolution, registration, and proper balance
of control voltages to produce a good black-and-white picture. By
adjusting the balance of the picture signals, a monochrome picture in
a choice of colors could be obtained. The registry obtained with three
identical simple signals was sufficiently encouraging to justify under-
taking the development of a signal source providing a complete color
picture.

The use of the monoscope as a source set the standards high, since
it could be relied on for good resolution, perfect registration, high
signal-to-noise ratio, freedom from spurious signals, etc. In order to
obtain a similarly high-quality color signal, a special slide scanner was
developed, to be used with Kodachrome transparencies to provide the
desired high-quality color video signals from a wide variety of subjects.!

@NCE a careful study of the technical aspects of color-television

II. THE SLIDE PROJECTOR

A signal-generation method using a cathode-ray-tube flying-spot
scanner, with beam splitters and multiplier phototubes, was chosen
because of the inherent registry and natural freedom from spurious
signals of such a system. The concept of cathode-ray-tube flying-spot

1 The slide and motion pjcture scanners, as well as the color receivers,
have been described briefly in a progress report; see “Simultaneous All-
Electronic Color Television,” RCA Review, Vol. 7, pp. 459-468, December,
1946.
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scanning is old. It was attempted both in this country and abroad
several years ago, but due to the lack of satisfactory components for
the system, several times it was tried and abandoned.

A re-examination of the problem in the course of the development
revealed that improved and new tools were available which made the
flying-spot scanning not only practical, but, from many respects, su-
perior to other known methods of picture-signal generation, even for
black-and-white transmission.

With the use of very-short-persistence phosphors in the flying-spot
cathode-ray tube, the problem of equalization has been considerably
simplified. The use of multiplier phototubes provides high video input
to the amplifiers, thus minimizing the usual difficulties in shielding to
eliminate spurious signals. In spite of the equalizaton for the phosphor
characteristic, the amplifier is very simple and the amplifier noise is
negligible.
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The schematic diagram of the color-slide scanner is shown in Figure
1. As shown, the optics of a conventional slide projector are used in
reverse. The screen of a short-persistence-phosphor kinescope replaces
the projection screen, and the projection lamp of the slide projector is
replaced by the light-dividing assembly and the phototubes. The scan-
ning raster is imaged by the projection lens onto the slide. The trans-
mitted light is then collected by the condensing-lens system and then
divided by dichroic mirrors which reflect one color of light and pass
the other colors. The divided light beams are further filtered by color-
absorption filters, then collected by multiplier phototubes which convert
the varying light intensity of the spot as transmitted by the slide into
video signals corresponding to the three primary colors of the slide.

A photograph of the complete flying-spot color video signal gener-
ator is shown in Figure 2. The synchronizing, blanking, and deflecting
circuits for the flying-spot kinescope are at the bottom of the rack.
The anode supply is in the center and the video amplifiers are at the
top. The location of the cathode-ray tube and light paths are shown
by the dotted lines.
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The flying-spot kinescope utilizes a zinc-oxide phosphor? which
decays to less than 5 per cent of its original intensity in 1 microsecond.
The kinescope is operated at 30 kilovolts and 400 microamperes. The
first-anode focusing potential is variable around 7 kilovolts. The raster
has a brightness of approximately 200 foot lamberts. In order to have
a definite black-level reference, the return lines of the scanning raster
are blanked out by applying blanking pulses to the kinescope grid.

The objective lens is an f/1.9 high-quality color-corrected lens in a
focusing mount. Lenses with a les-
ser degree of color correction were
tried and were found to provide
satisfactory signals, but the change
of lenses is definitely noticeable;
and since the slide scanner is relied
upon as a standard signal genera-
tor, the lens with the best color
correction was chosen. The whole
optical assembly is mounted on the
same chassis with the three video
amplifiers.

./ TRAANSNISHION
® o merLLCTION

" AY \/'—ur'u:;'#cv
AN
‘.\‘ N\
\ -
\ /

N

* " TRANSMISSION
el .

" — merLecTion IS

S e THICHNESS
OF COATING

Fig. 3—Transmission and reflection
Fig. 2—The color-slide scanner. of chromium mirrors.

III. THE DicHROIC MIRRORS

The use of dichroic mirrors for a light-splitter, instead of half-
silvered mirrors and color filters, reduces the light losses and therefore
provides a signal with a higher signal-to-noise ratio. If semitrans-
parent mirrors were used in the arrangement, as shown in Figure 1,
the light flux would be divided in three parts, and thus only 33 per cent
of the red, blue, or green light of the total would reach the phototube
even if the semitransparent mirrors were 100 per cent efficient. Actu-

2 H. W. Leverenz, “Luminescence and Tenebrescence as Applied in
Radar,” RCA Review, Vol. 7, pp. 199-239, June, 1946.
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ally, the efficiency of a chromium mirror drops rapidly when the trans-
mission is reduced, as shown in Figure 3. Considering that the first
mirror would reflect 17 per cent of the light to the red tubes, and
transmit 58 per cent, and the second mirror would divide the transmit-
ted light by providing 30 per cent of the 58 per cent, or 17.4 per cent,
of the original light, the light flux would be divided equally, but the
over-all efficiency would be reduced by a factor of approximately 6.

Dichroic mirrors which reflect one color light and transmit others
have been known for some time, and were made with certain crystals,
aniline dyes, or thin metallic films. A thin film of gold transmits green
light and reflects the lights in the red spectral region. The dichroic
mirrors used in the present color-television terminal equipment are
the quarter-wave dielectric-film type.? This type of dichroic mirror is
made by evaporating alternate layers of insulators with high and low
index of refraction of predetermined thickness on glass. The mirrors
have no appreciable absorption, and if both sides are properly coated
to eliminate undesirable reflection, they may be considered 100 per cent
efficient. Figure 4 shows the spectral characteristics of two dichroic
mirrors, the ordinate representing the transmission at various fre-
quencies within the visible range of the spectrum. The complementary
percentage is reflection. By using a dichroic mirror with a character-
istic as shown in curve A of Figure 4 as the first beam divider, prac-
tically all the red component of the light flux is reflected to the photo-
tube of the red channel, while the remaining portion of the spectrum is
transmitted to the second dichroic mirror, having a characteristic as
shown in curve B of Figure 4, reflecting substantially the total blue
portion of the light and transmitting the whole green component. Thus
it may be readily seen that, by the use of dichroic mirrors, a light-flux
input about six times higher is available than with the use of semi-
transparent mirrors.

Another compact beam-splitting arrangement available with dichroic
filters is shown in Figure 5. The light beam, after passing the trans-
parency, falls upon the crossed dichroic mirrors. While both mirrors
pass the green component, the combination will not pass the red and
blue components of the light, which are reflected to their proper
phototubes.

Due to the fact that the dichroic mirrors used did not have the ideal
spectral response for the three chromatic separations of the picture,
thin absorption filters were used in front of the phototubes to improve
upon the spectral selectivity of the dichroic mirrors.

T 3@G. L. Dimmick, “A New Dichroic Reflector,” Jour. Soc. Mot. Pic. Eng.,
Vol. 38, pp. 36-44, January, 1942.
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IV. THE AMPLIFIER CIRCUITS

In some of the literature on flying-spot scanning! it was assumed
that a different frequency compensation would be needed for the transi-
tion from black to white than for the change from white to black. This
was based on the known rise-and-decay characteristic of the phosphor.
The assumption would be correct if a pulse corresponding to the video
signal appeared on the grid of the flying-spot kinescope, since the phos-
phor excitation is practically instantaneous, while the decay is expo-
nential. However, when a transition from black to white is scanned,
the spot in time has an exponential shape and a changing position.
Thus it delivers to the phototube through the front edge of the transi-
tion its maximum brightness; then, as it moves, it still provides the
maximum instantaneous brightness
plus the decaying brightness. The
light input to the phototube is thus
proportional to the integral of the
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Fig. 4—Spectral characteristic of Fig. 5—Crossed dichroic beam-
two dichroic mirrors. splitter.

original light-decay characteristic. Since the decay curve is an e—*
type of function, its integral is also of the e—* form. As the scanning
spot moves from white to black, the light falling on the phototube
decreases according to (1 — e—2), both the rise and fall signals follow-
ing the same law. Figure 6 shows an oscillogram at line frequency of
the voltage generated in the scanning of a vertical white bar. The shape
is typical of the square-wave response of a circuit in which the high
frequencies are deficient. The fact that the light decay characteristic
of the phosphor is exponential simplifies the equalization. The equaliza-
tion required is of the type supplied by simple resistance-capacitance
combinations. Figure 7 shows the same signal after equalization. The
sides of the wave are now square within the accuracy of the measure-
ment.

The oscillogram is a composite of all the 525 lines of the scanning

¢ Kurt Bruckersteinkuhl, “The Persistence of Phosphors and its Mean-
ing for Flying-Spot Scanning with Cathode-Ray Tubes,” Fernseh A.G.,
Vol. 1, pp. 179-186, August, 1939.
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Fig. 6—Oscillogram of the signal Fig. 7—Oscillogram of the correct-
from a white bar. ed signal from a white bar.

raster. The irregularities across the top of the wave are due to the
random grain structure of the phosphor.

The circuit constants used to correct for the phosphor are much the
same as those used to correct for the capacitance across the input
circuit of a conventional television-camera amplifier. However, it was
found from observation of the square-wave response of the flying-spot
scanner that the decay characteristic of the phosphor is only to the first
approximation a simple exponential.

The square-wave response of the flying-spot scanner is shown again
with time and amplitude co-ordinates as the bottom curve in Figure 8.
The experimental determination of the required equalization time con-
stant indicated that it was about 1.5 microseconds. With this correction
applied, however, it was found that there was a large residual transient
overswing response to the square wave, as shown in the top curve. An
additional circuit having a time constant of 0.2 microsecond was
experimentally determined as being required to make the response to
the square wave come within the accuracy of measurement.

The circuit diagram of the equalized amplifier is shown in Figure 9.
The 120,000-ohm resistor shunted by the 25-micromicrofarad variable

Tig. 8 — Unit-fune-
tion responses of the
flying - spot scanner.

20 30 40 30
M SEC,
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capacitor in the plate circuit of the first stage is adjusted to the time
constant of 1.5 microseconds. The 560 ohms in series with the 390-
micromicrofarad capacitor across the output of the phototube is the
other circuit having the time constant of 0.2 microsecond.

It may be interesting to note that some of the multiplier dynodes
and the photocathode of all three phototubes are supplied by a grounded
positive supply, while the last stages are connected to the regulated B
supply of the amplifier. This circuit arrangement minimizes the high-
voltage requirements with respect to the ground, as well as the feedback
and cross talk due to the varying current drain of the last dynode
stages. The voltage of the first seven dynodes of all three tubes may
be controlled by the variable D (dynode) supply, and by this means the
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Fig. 9—The circuit diagram of the equalizing amplifier.

video levels of all three channels may be varied simultaneously to com-
pensate for the different densities of the slides. Three variable shunt
resistors between dynodes 5 and 7 of each phototube can also be used
for adjusting the video level, and with control each channel may be
varied individually to provide the desired color balance. Optionally, the
potentiometer in the grid circuit of the second video amplifier may also
be used for color balance. Due to the low impedance of the controls, the
high-frequency response of the signal is not affected. The output of
the four-stage video amplifiers at normal brightness level is in the
order of 1 volt peak-to-peak.

V. GAMMA-CORRECTION CIRCUIT

For maximum fidelity of color reproduction, the light output of the
receiver should be directly proportional to the light input to the photo-
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sensitive device. In other words, the gamma of the system should be
unity.

Since, in the flying-spot type of pickup, the voltage output is directly
proportional to the light input, the video signal with linear amplifiers
will have voltage proportional to light input.

However, the kinescope is not linear, since it takes more volts to give
the same change in light output at low light than at high lights. A
nonlinear amplifier must, therefore, be provided, with the reciprocal
of the kinescope characteristic, in order to make the relation of the
input to the output light linear. Since this amplifier attempts to make
the over-all gamma unity, it is called the “gamma-correction amplifier.”
There are, of course, three separate amplifiers required, one for each
color. In these amplifiers the kinescope blanking is added to all three
signals and the RMA synchronizing signal is added to the green signal.

Figure 10 shows a block diagram of the green part of the amplifier.
The other two are identical, except that the synchronizing amplifier is
omitted.

The blanking and video signals are mixed in the common plate
load of two 6ACT tubes. Most of the blanking is clipped off by the
clipping circuit to leave a small amount of setup. Since the black level
in a color synchronizer must be accu-
rately controlled, the clipper must be
linear down to clipping level, and the
clipping level must be accurately con-
trolled. For this reason a special type T
of clipper is used, and a clamp circuit /fﬂur
is used to set the direct current on the ===l O
grid of the clipper. Figure 11 shows 6 a %)..,.—
the clamp circuit in detail. Equal
pulses of opposite polarity are applied - r
to the plate and to the cathode of two T L T
diodes with the indicated polarity. . o
During the time of these pulses, the Fig. 11—D§it?c1:1i%'f (0 G
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clamp circuit may be considered as a short circuit to a point halfway
between the plate and cathode. The direct voltage of this point with
respect to ground and cutoff voltage of the clipper is obtained by
grounding the proper point of the resistor between the plate and
cathode. Since the pulses are at horizontal frequency and occur during
horizontal blanking, the black level in the picture is held at a constant
direct voltage, which is so chosen that it is very close to the cutoff level
of the clipper.

The pulses for the clamp circuit, which must occur immediately
after each synchronizing pulse, are derived from the RMA synchroniz-
ing signal by a nonlinear differentiating circuit, as shown in Figure 12.

+B

+B8

[ $1.84

a SACT

SACT

TO OTHER

A v
‘ b4

. q i q CLIPPER VRI50
Fig. 12— Detail of the nonlinear AMP SCREENS
differentiating circuit for making o
clamping pulses of RMA synchro- Fig. 13—Detail of the clipper
nizing signals. circuit.

Due to the high positive bias on the grid resistor of the first half of the
6SN7, the tube draws considerable grid current and holds the grid at
zero bias. When the output of the amplifier driving this tube attempts
to swing the grid positive, the grid draws slightly more current, but
holds the zero bias so that there is no change in the plate current. How-
ever, at the back edge of the input pulse there is nothing to stop the
grid from swinging far below cutoff. Due to the very small coupling
capacitor, the grid immediately starts to charge up to +300 volts at
a rate determined by this capacitor and the grid resistor until it reaches
zero bias again. By adjusting the time constant of this input circuit
and the amplitude of the driving signal pulses, any desired width can
be obtained, starting at the back edge of the synchronizing pulses.
After some further clipping, these pulses are fed to the grid of a phase
inverter with equal plate and cathode resistors. These push-pull pulses
are then fed to the three clamp circuits.

Figure 13 shows the clipper circuit. The plate load resistor is fed
through a diode so that, when the plate voltage is higher than a certain



SIMULTANEOUS COLOR TELEVISION 243

value, no signal will pass. This, however, changes the plate load to a
higher value, and the signal is then so high that some of the high
frequencies get across the diode capacitance. To eliminate this, a
second diode shorts out the high-frequency plate load soon after the
first diode opens up.

The output of the clipper is fed to the three grids of the nonlinear
gamma-correcting circuit shown in Figure 14. Black is positive on the
grids and is held at zero bias by the grid current of the three tubes.

The screen voltages of two of the tubes are variable in steps by a
five-position switch. When this switch is in the first position, both
screen voltages are at 0 and these tubes are inoperative, only the 6SK7
passing the signal. On the second position one of the tubes has some
screen voltage, but its cutoff is low so that only the blacks are amplified.
Going to the third, fourth, and fifth positions, the blacks are amplified

8

Fig. 14 — Detail of
the ga-ma - control
circuit.

more, and thus the gamma is further reduced. In order to keep the
peak-to-peak signal constant, the plate load resistor is also switched,
being lowered for each successive position. The signal is then fed to
the cathode follower output of the amplifier, where the RMA syn-
chronizing signal is added in the case of the green signal.

VI. MOTION-PICTURE-FILM SCANNER

Essentially the same scheme was utilized in a motion-picture-film
scanner with the film gate replacing the slide holder. Since a 30-frames-
per-second reproduction of the film was both acceptable and expedient,
the job at hand was a simple one. The film moving mechanism of a
standard RCA 16-millimeter home sound-film projector was altered by
substituting a synchronous-motor drive. The arrangement of the
motion-picture scanner is shown in Figure 15. The flying-spot raster
on the kinescope replaced the projection screen, and it is imaged by the
f/1.65 lens on the film., The transmitted light is treated in the same
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manner as described for the slide scanner. Under this condition each
frame is scanned twice to give the required 60 fields per second. The
pull-down mechanism may be speeded up considerably; otherwise, it is
necessary to blank approximately 30 per cent of the field time to avoid
showing the distorted picture produced during the film pull-down time.
The proper 24-frames-per-second operation may be obtained by any of
the schemes utilized in the past with nonstorage pickup devices.

Fig. 15—The motion-
picture scanner.

VII. THE FLYING-SPOT “LIVE” PICKUP

The equipment used for scanning of opaque objects, shown in Fig-
ure 16, is similar to that used for the slide scanning. The flying-spot
kinescope is mounted horizontally to project the raster by means of
a 5-inch focal-length projection lens of f/1.5 aperture to an area
approximately 18 by 24 inches, about 12 inches behind the rectangular
phototube assembly frame, and at a convenient height from the floor.
Illumination from any source other than that from the kinescope con-
tributes only a noise component to the picture signal and is, therefore,
to be avoided. The meter beneath the kinescope indicates the beam
current. Directly below is the video-amplifier chassis, the circuit of
which is quite similar to that of the slide-scanner amplifier. Beneath
this is the synchronizing, blanking, and deflection chassis, which is
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identical to that of the slide scanner. At the bottom of the rack is the
kinescope anode supply. This unit is a recently developed regulated
radio-frequency direct-current supply which delivers approximately
1 milliampere beam current at 30 to 40 kilovolts.

The three similar uncovered units on the adjacent rack are regulated
direct-current supplies. The panel with the control at the left is a
2000-volt phototube supply with grounded positive. Just below is a
heater supply and the main control panel. The amplifier strips at the
top were added for future development work.

Fig. 16—The live-
pickup scanner.

The phototube assembly used in the opaque pickup is shown in
detail in Figure 17. It consists of a hollow metal frame on three inside
edges of which are mounted a series of type 931A phototubes. These
are arranged so that along the frame there is a succession of red-,
green-, and blue-filtered phototubes. Additional red tubes are used to
compensate for lack of sensitivity in the long wavelengths. All photo-
tubes of each color were paralleled to feed into common load resistors.

It may be pointed out that, with flying-spot scanning, each photo-
tube picking up light reflected from the scanned area produces in the
reproduced picture an effect the same as though a light source were at
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that location. Since, with color-selective individual phototubes, the
effect is as though the subject were illuminated by colored lights, to
avoid separation of colors it is desirable to have the phototubes collect
light of all three colors at the same point. An auxiliary spot pickup
(providing an effect similar to a spotlight) was added to supplement
the flat lighting effect of the phototube frame. This was conveniently
accomplished by the use of three phototubes and the crossed dichroic
mirror system. Figure 18 shows the essential parts. A condenser lens
was used in front to increase the efficiency.

Fig. 17— The
phototube as-
sembly.

Since the 931-A type of phototube does not lend itself readily to
high-aperture optical systems, new experimental multiplier phototubes
have been developed. Figure 19 compares these with the 931-A type.
In the new phototubes the whole front end serves as the photocathode,
which in the large tube shown is 5 inches in diameter. This tube has
a stacked-ring dynode assembly of the turbine-blade type. Due to the
large sensitive area, it greatly outperforms the 931-A type in signal-
to-noise ratio at low light levels. For color it must be used at some
distance from the subject, or be provided with a light-mixing system
to avoid the color separation previously mentioned.

The smaller phototube is of similar construction. Its 1Y%-inch
diameter makes it suitable either for close grouping or for use with a
dichroic mirror system. In either case, a lens may be added to increase
the pickup.
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These new phototubes make it possible to exceed the performance
of the human eye at low light levels. An observer standing beside the
phototube is unable to distinguish details of the subject which are
reproduced satisfactorily by the system.

VIII. PERFORMANCE

The amplifiers have a flat response up to 5.5 megacycles, and a
resolution of 400 lines or better can be obtained in both directions.
The pictures are free from shading and other spurious signals and

Fig. 18 — The phototube
“spot’’ assembly,

have excellent halftone gradations. The registration of the three
signals is inherently correct.

With the electron-multiplier phototube operating at the light levels
involved in the flying-spot-scanning arrangement, the noise output of
the phototube is proportional to the light input. As a result, the noise
is a constant percentage of the signal, giving the equivalent in appear-
ance to grain in motion-picture film. This is a very desirable condition,
as contrasted with the conventional camera tube where the noise is of
constant amplitude, independent of the picture brightness.

By removing the light-splitter and using a single phototube and
amplifier, an excellent black-and-white signal generator may be ob-
tained. The freedom from noise, shading, and other spurious signals
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provides a contrast range and picture quality not yet attained, even
for black and white, by any other means than a monoscope. The sim-
plicity and excellence of performance of the arrangement is such that
it has much to recommend it as a source of television signals for general
laboratory and factory test use. Its flexibility is such that it will find
application in the television studio as a very convenient method for
televising titles, special effects, and as a flexible substitute for the
monoscope.

Fig. 19—Larger-
aperture photo-
tubes.

APPENDIX

If the light on some spot on the screen is a function of time, and
the movement of the spot is a linear function of time, as in the case
of linear deflection, the spot may be considered to have a shape along
a line given by the original function of time.

When the spot moves from behind a mask into an opening, at first
only the light from the spot being hit by electrons strikes the photo-
tube. A little later, as the spot moves farther into the opening, the
light from the spot being hit by the electrons has the light from the
spots which had been hit a short time before added to it, since they
are still emitting some light. In other words, the light output as a
function of time as the spot moves into an opening is the integral of
the light output with respect to time of the phosphor.

Assume that the light output as a function of time rises instan-
taneously and decays according to the function.

L(t) =aeM 4 be,
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Then the signal will be

¢ t
S =/ L(T)dT =/ (@e=NT & be—2T)dT
0 0

a b a
S=__.+_-__.___€—Ml____€—hl (1)

A Ap A Ay
so that, when the spot is completely in the opening (at t = «),

a b
Sz=ve g — -,
A, Ay

Starting from this level of signal, when the spot goes behind a mask,

a b ¢ a b ¢
S=—F —— Ldt = —— + ——/ (ae—Mt 4 he—Net) dt
A Ag ° A Ay 0

-a b
e—Mt +
Ay Az

et

S=

The correcting networks for the Z,0—(Z,) phosphor in the amplifier
described are shown in Figure 20.

CORRLICTING CIRCULY EQUIVALENT CIACUIY

R,
L)
(@) & cow .
Fig. 20-—Correcting net- = l
works, P
R
(b) %.l 2 % Low
;Ct

The unit-function response of the network for which (a) is the
correction is

fi=1—et/RiC

and for which (b) is the correction,
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R, R,
fo=— e—t/RsC2 |
RZ Ra

Since only the shape of the function is of interest, it may be normalized

by dividing by R;/R,,

e—t/R:C2, This means that

the flying-spot in passing a boundary giveg a signal as though a unit
function had gone through two networks, one having the unit-function
response f, and the other f.. In order to find the unit-function response
after going through both these networks, we use the superposition
theorem, which states that

t
F(t) =£f1(0)f.(t) +/ fPE—"T)f.(T)dT.
V]

Since f,(0) = 0,

/' 1 = R, L]
F) = e—RiOL | 14— ¢—Ra0: | dT,
o RiC Ry
t T T
en,c‘[/ RO dT + .,/ GH—TQEM-:I,
R Cl 3 0

1 =4

= e Bh RICI € R|C| - RICI
RICI

R. < R.CR,C, ! R,C,RsC. )J
B ] [ PRIS /2 e — ’
R3C-_g - RICI R«;Co - R C]

—t —t —t

R.C.

=1 —eRCi— cRnl‘a.{. . g R0y

R\Cy — RyC; R\C, —R4C:

R,C, — R,C, —!
F)=14| ——m — 1 ) eRCi—— ¢ RsC
R.Cy, — R3C, R,C, — R;3C,

which is the unit-function response of the flying-spot system without
correction. The phosphor-decay characteristic is the derivative of the
above:
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ar (1) 1 ( R.C, ) -t
D= =— —1)eran
dt RlCl \RICI - R302
R —t
+ - € RsC2 ,
Ry(R,C, — R5C,)
R, .t R.C,—RC,+RC, —_'_
= € RsCs ___ € Rt
R3(R,Cy — R3Cy) R,Cy(R\Cy — R4Cs)
1 [ Rg —_ —t__ Rn_»Cg - RICI + R3Cg — ! ]
D= € RaC: —. € RiCy
RICI - RsCz R3 RICI

In the amplifier described it was found that, for best correction,
R; = 120,000 ohms, C; =12 micromicrofarads, R, =3900 ohms, R,
= 560 ohms, and C, = 390 micromicrofarads. Substituting, we find for
the apparent square wave response*

F(t) =14 .243¢—t/1.44 — 1, 243¢—4/-2184 |

and for the phosphor decay* D — 5.69¢—¢/-2184 _ 1686¢—*/1.44

* The original paper gave the apparent square-wave response as
F=14 .247e—t/144 _]1245e—1/0.218 and the phosphor decay as
D = 6.98e—¢/0.218 __ 2]1e—t/1.44, An error was discovered in the original
calculations, and they have been reworked to give the values shown here.
The revised coefficients do not materially alter the characteristics attributed
to the system.

Part III — Radio-Frequency and Reproducing Equipment
By

K. R. WENDT, G. L. FREDENDALL AND A. C. SCHROEDER

Summary—Two possible types of transmission, the three-carrier system
and subcarrier system, are outlined. Radio-frequency and intermediate-
frequency receiving equipment is discussed for both systems. Several repro-
ducing devices and the associated deflecting and video equipment for the
trinoscope are described. The solutions of some problems encountered in
registration are set forth.

SIMULTANEOUS COLOR TRANSMITTERS

transmission problem may be solved on the basis of frequency

S INCE red, green, and blue video signals exist simultaneously, the
division. The subcarrier system and the three-carrier system are
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possible choices. Since a subcarrier transmitter involved much less
development work this system was used, but the choice was one of
expediency. Figure 1(a) shows the essential components of the sub-
carrier transmitter in which the three color signals are multiplexed,
as in the practice of carrier telephony. One subcarrier at a frequency
of 8.25 megacycles is modulated by the red video signal and the lower
sideband is partially suppressed. The frequency of the blue subcarrier
is 6.25 megacycles and the blue upper sideband is partially suppressed.
The term “mixer” indicates that a composite signal is formed, which
is the direct addition of the green video signal and the two modulated
subcarriers (Figure 1(b)). A substantially linear mixer is required
if cross modulation of the color signals is to be avoided. Finally, the
composite signal modulates the radio-frequency carrier, The lower
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sideband of carrier is partially suppressed, which results in the radiated
spectrum in Figure 1(c). Thus, including guard bands, a total channel
width of approximately 14.5 megacycles is called for. All radio-fre-
quency circuits were designed for this bandwidth.

As in other multiplex arrangements, the maximum amplitude of
the principal carrier must exceed the maximum amplitude of a sub-
carrier by an amount that depends upon the number of subcarriers.
The ratio of amplitudes is 5 to 1 here.

The three-carrier system illustrated in Figure 2(a) embodies three
substantially independent transmitters feeding through a suitable
coupling device or “triplexer” into a common antenna. One sideband
of each transmitter is partially suppressed by a vestigial-sideband
filter, as in monochrome transmission. Figure 2(b) illustrates one of
the many dispositions possible of the three carriers in the color channel.
The arrangement in Figure 2(b) appears to be especially suitable for
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reception of the green signal by a monochrome receiver, because the
red and blue signals act as guard bands against adjacent color channels.

Only the antenna must cover the full channel of approximately 14.5
megacycles. The red and green transmitters have a bandwidth ap-
proximately equal to 6 megacycles, the standard width for monochrome
television, while the bandwidth of the blue transmitter may be re-
stricted as dictated by the acuity of the eye for blue light.

SIMULTANEOUS COLOR RECEPTION

The signal circuits of a subcarrier receiver for simultaneous color
reception are shown in block form in Figure 3(a). Attenuation of the
main radio-frequency carrier by 6 decibels as required for detection in
a vestigial sideband system is provided in the broad-band radio-fre-
quency and intermediate-frequency amplifiers. The composite video
signal T, in Figure 3(a) is present in the output of the linear detector
in the same form as the mixed signal in Figure 1(b). Attention must
be given to assure linearity of detection, if cross-modulation of the
color signals is reduced to an imperceptible amount. A low-pass filter
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selects the green video signal, including the synchronizing signal, and
rejects the red and blue subcarriers and sidebands. The red and blue
subcarrier spectrums are isolated, as T, and Ty in Figure 3(d), by
band-pass amplifiers which also attenuate the subcarriers by 6 decibels.
Ts and T, indicate the desired video signals obtained by demodulation
of Ty and T;.

Figure 4(a) is a block diagram showing the essential signal circuits
of a simultaneous receiver which is operable on the signals of both
types of transmission, subcarrier or three-carrier. The radio-frequency
spectrum shown by 8, in Figure 4(b) may represent both transmis-
sions, since the distinction is only the difference between the relative
amplitudes of the carriers. A bandwidth equal to the channel width
must be covered by the radio-frequency and common intermediate-fre-

Fig. 4 -— Simultane-

ous color receiver for

three-carrier or sub-
carrier reception.

quency amplifiers, but subsequent amplifiers which isolate a particular
color signal are 6 megacycles or less in width. Attenuation of the
carriers by 6 decibels is accomplished in the individual amplifiers. Sub-
sequent detection in each of the chains gives the required video signal.

TRANSMISSION OF SOUND

In the subcarrier system, television sound may be transmitted either
as a subcarrier centered at a point 4.5 megacycles from the main car-
rier, or as a separate radio-frequency carrier at the same point. Such
a spacing is required by the principle of compatibility. A radio-fre-
quency sound carrier at the final frequency at a spacing of 4.5 mega-
cycles from the green carrier would be used in the three-carrier color
transmitter.

THE REPRODUCTION OF THE COLOR IMAGE

The kinescope shown in Figure 5 is the three-gun single-neck tube
mentioned in Part I. The photograph also shows the yoke and the
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optical system used for registration of the three images. In this tube
the three cathode-ray beams cross inside the yoke and thus are deflected
by the same field. The three rasters then appear opposite the three
guns on different areas of the tube face. The tube face has a curvature
whose center is at the center of the yoke. The three images are filtered
to produce the three colors, and are combined by a system of mirrors
and the lens to form a registered color image. It is possible with
this tube to register the three images quite satisfactorily, and experi-
ence gained with it indicated that registration might also be achieved
with three separate tubes and lenses. Such an arrangement appears to
be more straightforward, and at the same time leads to improved
resolution and brighter images. This device has been denoted by the
convenient term “trinoscope.”

Fig. 5—Three-gun
single-yoke tube.

THE TRINOSCOPE

The term ‘“trinoscope’” is a designation for an assembly of three
kinescopes, three lenses, and three deflection yokes which are energized
from a common sawtooth deflection generator.

An ideal trinoscope having identical yokes and tubes is probably
not realizable in an experimental setup. Hence provision was made for
adjusting each yoke separately. Equalization of the horizontal size was
obtained by moving a yoke slightly along the axis of a tube, thus
obviating a complicated size-control circuit containing a variable in-
ductance with approximately the same @ and self-resonant frequency
as the yoke. The vertical sizes are adjusted through a small range, or
trimmed by variable resistors in series with each vertical winding, to
produce three rasters of equal size. Each yoke could be rotated slightly
by a mechanical adjustment for angular alignment of the scanning
rasters.
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On first thought, it would seem best that the same current flow
through each yoke, a condition which should be insured by a series
connection of yokes. However, identical fields are desired, rather than
identical currents, and since there is a variation between individual
yokes, different currents are required to produce identical fields. If
the variation between vokes is caused by a variation in the number of
turns, then parallel operation is particularly advantageous, since the
yoke having the larger number of turns requires the smaller current,
which is actually the case due to the higher impedance. At any rate,
trimming is necessary, and a method of connection should not be chosen
to minimize trimming if other difficulties are introduced. There are
at least two serious difficulties in series operation which are not en-
countered with the parallel connection. First, individual centering and
trimming of the three yokes becomes exceedingly cumbersome for the
series connection, but quite simple for the parallel connection. Second,

by

Fig. 6—Horizontal-
deflection circuit.

cenTening

and most important, in the series connection, capacitance to ground
of the yokes remote from alternating-current ground appears as a
shunt capacitance across the yokes nearer ground. These capacitances
are of such magnitude in the horizontal deflection circuit that con-
siderable current is by-passed around the yokes nearer ground. Also,
high-Q series resonances occur in both the horizontal and vertical coils
as a result of these capacitances. These circuits are shock-excited by
the return-line pulse and cause objectionable transients on the left side
of the picture that are different in the three yokes.

Figure 6 shows a simplified diagram of the horizontal-deflection
system. It is a normal power-feedback circuit using the 6AS7G damper
tube except that three yokes and centering circuits connected in
parallel are substituted for the usual single yoke and centering circuit.
Figure 7 shows the vertical circuit. In the absence of a suitable trans-
former, a direct-coupled circuit with feedback was used. Although this
arrangement is wasteful of power, it gives ample and good deflection
with a minimum of time spent on adjustment. The linearity control is
unusual in that excellent linearity is achieved without either changing
the size or bouncing the raster when the control is varied.
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The yokes for the trinoscope must be carefully designed and built.
They should have high efficiency and should be as nearly alike as pos-
sible. They should produce a rectangular raster with neither pincushion
nor barrel distortion. Such distortion will produce misregistry at the
edges or corners of the image, if the assembly is not mechanically cor-
rect. For example, pincushion distortion occurs commonly when tubes
with flat faces, as in the trinoscope, are deflected. The amount of dis-
tortion at any one point depends upon the total deflection there, includ-
ing that from both the sawtooth and the direct-current, or shifting,
source. If, then, due to poor mechanical alignment in the trinoscope
assembly, appreciable electrical shifting of one or two of the rasters is
required to register them, additional distortion will be introduced. The
important point is that the distortion will be different on the.three
rasters since the shifting in each must necessarily be in a different
direction to bring them together.

l nze
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Fig. T—Vertical-

L [ MJ" l“ ’-— deflection circuit.
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The inductance of the horizontal yoke winding is 8 millihenries, or
approximately the same as a normal one-yoke deflection circuit, and the
circuit is designed to supply three times normal current. Presumably,
yokes having three times the normal inductance could be operated in
parallel in order to give normal circuit impedance. Such an arrange-
ment would reduce the current in the circuit, but raise the voltage.
Experience, however, has shown that a yoke with an inductance above
8 millihenries requires voltages which occasionally may cause break-
down within the yoke. The two coils of a horizontal pair within a yoke
are connected in parallel. However, the two vertical coils are connected
in series in order to obtain an impedance as high as possible, since
here the impedance is limited by a practical size of wire. With a given
size of wire the impedance for the series connection is four times that
for the parallel connection.

The kinescopes for the trinoscope assembly must be aluminized.!

1D. W. Epstein and L. Pensak, “Improved Cathode-Ray Tubes with

11\19e4tg,1-Backed Luminescent Screens,” RCA Review, Vol. 7, pp. 5-10, March,
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A thin layer of aluminum completely covers the phosphor and those
inside surfaces of the tube which are held at second-anode potential.
This layer is transparent to the high-voltage electrons, but opaque to
light. The coating also has high conductivity, which insures that the
three phosphors will be at the same potential, thus obviating any
difference in raster size due to different beam voltages in the three

SERd LAy oiinBiod 2iol sl apas alos
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Fig. 8 — Receiver
showing trinoscope
assembly.

kinescopes. Furthermore, the entire volume inside the bulb beyond the
second anode is equipotential, and no distortion can be caused by
spurious wall charges or potential drops. The kinescope guns should be
as well-centered and mechanically stable as possible, since any variation
contributes to misregistry.

The choice of phosphors for the red, green, and blue kinescopes was
guided by a consideration of the over-all light efficiencies of the phos-
phors in combination with any light filters required for color correction.
Thus, an orange phosphor in combination with a red filter yielded more
light than available red phosphors.

The trinoscope optical system included three separate lenses. The
three tubes were assembled at the corners of a triangle, as shown in
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Figure 8, with their faces in the same plane. The axis of each lens in
front of a tube is perpendicular to the tube face, but is offset from the
tube axis toward the center of the assembly by an amount sufficient to
register the three images. If the lenses are rectilinear, no distortion
will result from such a displacement. Figure 9 shows the principle of
this registration with two tubes. The principle is the same as that used
in photography where, by means of the rising front, tall buildings may
be photographed from the ground without distortion. The image and
object, or film and scene, are simply made parallel and the lens axis
perpendicular to them, the center of the lens being on the line joining
the center of the image and object to make the image distortionless, or
rectilinear. This, of course, requires a larger field, or increased cover-
ing power from the lens. Any noticeable falling off of light towards
the edge of the lens will result in color shading in the registered picture,
since the shading will be different in the three colors. The lenses for
the trinoscope need not be color-corrected, since each passes only one
color.

=

RED RED
REFLECTING yTyBE

et \ Wl - [ 1871 4 Bl
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Fig. 9—Method of optical Fig. 10—Registration with three
registration. dichroic mirrors and one lens.

Another optical method of registry was tried in which ordinary
mirrors were used to direct the light from the three tubes into one
lens, but the arrangement was rejected as impracticable. Half-silvered
mirrors, though feasible, waste much light. Dichroic mirrors,* however,
provide an excellent solution to this problem. Figure 10 shows the
arrangement of the three tubes and the two dichroic mirrors, which
are cut in the middle and crossed. One mirror reflects red, and passes
green and blue, and the other reflects blue, and passes red and green.
While this arrangement is still in the experimental stage, it offers
great promise for a simple and economical method of registration.

THE VIDEO SYSTEM

The video system consists essentially of three identical video ampli-
fiers of two stages each, with cathode follower outputs. Approximately
75 volts peak-to-peak is available. The frequency response is flat to 5

2 See Part II of this series.




260 TELEVISION, Volime V

megacycles. Two controls, the gain and background, are provided in
each channel. Eventually, of course, simpler arrangements would be
used, and individual gain controls dispensed with. The gain controls
here, however, are useful for demonstrating color balance, and in
making experimental adjustments. The background controls must be
set accurately. Controls would be necessary even in the simplest re-
ceivers, although, once set, they would require adjustment only if the
cutoff of a kinescope changed due to aging. Accurate setting of the
“blacks,” or background, is extremely important in any additive color
system. That is, the black portions of the reproduced image must cor-
respond with the blacks of the original scene, and, even more important,
the blacks of the three colors must agree with each other. If one of the
colors were incorrect, such that zero light were produced when a low
value were needed, all of the reproduced colors requiring low levels of
that color would receive none, and wrong colors would be obtained.

Fig. 11—Video block
diagram of green
channel.
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Therefore, the picture direct current is reinserted by the double-
diode clamp, one of the best restorers. The direct current is reinserted
on the grid of the cathode follower. Delayed pulses, obtained from
separated synchronizing signal, operate the clamp circuits during the
back-porch interval. Such a circuit can restore the correct picture back
level and maintain it regardless of picture content, incorrect or spurious
low frequencies, or switching transients. Restoration is also inde-
pendent of synchronizing-signal height, which means that the red and
blue backgrounds remain correct when these channels are switched to
the green signal, as when reproducing a black-and-white picture from
a low-band station.

The synchronizing signal is separated from the green-channel sig-
nal. Figure 11 is a block diagram of the green video amplifier and the
synchronizing-signal circuits.

Safety circuits are provided for protection of the kinescopes in the
event of deflection or power failure. Protection against power failure,
such as a blown fuse or disconnected cable, is necessary since the
deflection would cease before the accelerating voltage, and an unde-
flected spot would remain long enough to damage the kinescope screen.
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COLORIMETRY IN TELEVISION*{
By

WiLLiaAM H. CHERRY

Research Department, RCA Laboratories Division,
Princeton, N. J.

Summary

The colorimetrically exact reproduction of color in simultaneous tele-
vigion is mow possible, through the congruence of the camera spectral
sensitivities to definite characteristics specified by colorimetry and
through the combination of the camera signals in both positive and negative
amounts by suitable circuits and amplifiers. The negative sensitivities of
the photo-pickups formerly required for certain spectral wavelength in-
tervals are obviated by these signal mixing circuits, and simultaneous color
television, both as to color range and accuracy of reproduction, is capable
of the finest color reproduction available anywhere. The mixing circuits
perform a function resembling that known in color photography as masking,
but whereas the latter is always approximate and often a hit-or-miss pro-
cedure, the television system can approach perfection without undue com-
plication.

The basic concepts and relations of trichromatic colorimetry are here
developed. Many of these relationships are of tmmediate imporiance in
color reproduction and are stated explicitly, with the aid of a concise
notation. In addition, certain rather philosophic aspects of television as
a means for the communication of sense perception are discussed and a
plea is made for the extension and compilation for television purposes of
knowledge about the properties of the eye.

(33 pages, 4 figures)

* Decimal Classification: R583 X R800 (535).
+ RCA Review, September, 1947.



SIMPLIFIED TELEVISION FOR INDUSTRY*t
By

R. E. BARRETT AND M. M. GOODMAN

Tube Department, RCA Victor Division,
Lancaster. Pa.

Summary—A new iconoscope makes possible circuit simplification and
permits reproduction on the receiving cathode-ray tube screen comparable
to newspaper half tones. Complete circuit details are given for the 250-
line 60-frame systemt.

Bikini without endangering human life effectively demonstrated

that there exists an important use for television other than
entertainment. Industry could use a simplified system advantageously,
and so could schools and experimenters.

A major step toward reducing the cost of a television system has
been made with the introduction of a new two-inch iconoscope, the
RCA 5527. It is relatively inexpensive and has been designed so that
the equipment associated with it can be compact, simple, and econom-
ical. For a satisfactory picture with this pickup tube, only about 1,000
foot-candles of incident illumination are required. This amount of
light is roughly the same as that used in present television broad-
casting studios and can be obtained with three 200-watt lamps placed
four feet from the subject. An outdoor scene televised by the 5527 on
a normal sunny day produces a picture, when viewed on a TGP4
.directly-viewed kinescope, comparable in quality to a newspaper re-
production of a photograph.

Although the tube is designed to operate with 800 volts on the
accelerator electrode, it will perform satisfactorily at 600 volts with
only a slight loss in picture definition. The small area of the mosaic
permits the use of a low-cost lens such as the lens of a 35-mm camera
having a speed of f:3.5 or greater.

Many of the new techniques learned during experimentation with
military tubes were used to great advantage in the design of this tube,
making it superior to the now obsolete forerunner, type 1847. A new
method of mosaic treatment, for example, permits the transmission of
a greater amount of light to the photosensitive surface and, conse-

THE use of a television system to view dangerous operations at

* Decimal Classification: R583.
+ Reprinted from Electronics, June, 1947.
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quently, improved sensitivity is achieved. Greater signal output is ob-
tained by the use of a high-capacitance mosaic which older-type tubes
could not support. A direct contact to the mosaic signal plate, instead
of the capacitive coupling used in type 1847, improves the low-fre-
quency response.

Although the tube uses electrostatic deflection rather than the more
expensive and cumbersome electromagnetic deflection system, good
picture definition is obtained -
through the use of the wartime-
developed fine-spot cathode-ray gun
with balanced deflection. The reso-
lution capabilities of the tube are
exceptionally good, and as meas-
ured by television standards, (lines
per picture height) are 250 lines.
The difficulty from nonuniform
background signals, or dark spots
found in all iconoscopes, is ordi-
narily not troublesome in industrial
applications and, therefore, very
satisfactory pictures are obtained
without the use of shading signals.
In addition, the tube does not re-
quire keystone correction.

The system illustrated in Fig-
ure 1 contains all of the components
necessary to give a good television
picture and can be adapted to a
transmitting and receiving system.
The sensitivity and resolution of
the system, together with the mod-
est cost of components, make it
applicable to many uses in both the
industrial and educational fields.
The adaptability of the system and
its excellent performance make the
system extremely versatile and pro-  Fig. 1—Television camera and pic-
vide a wide range of possible ap- turesystem chassis in a 4-foot rack.
plications.

The complete system includes the camera and monitor as illustrated
in the block diagram of Figure 2. The scene to be televised is con-
verted to an electrical signal by the pickup tube. This signal is then
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amplified and reproduced on the screen of the kinescope. The necessary
synchronizing circuits, blanking amplifiers, and power supplies are
included.

CAMERA SYSTEM

The components contained in the camera are the two-inch icono-
scope, a four-stage video preamplifier, and the lens mounting. The en-
tire camera housing is made of 1/16-inch copper and a partition of the
same material separates the camera tube from the video preamplifier.
This type of shielding is necessary, since the presence of spurious
signals on the kinescope can be very annoying and detract from the
quality of the picture produced.

8827 vIDEQ 76P4
CANMERA UNIT LINE AMPLIFIER X
(FIG.4) INESCOPE

FI6 3

BLANKING
AMPLIFIER
{FIG. 38)

Fig. 2—Block diagram of
] television camera and

complete picture system.

ICONOSCOPE KINESCOPE

SCANNING O DEFLECTMG
CIRCUITS A EE CIRCUITS
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ICONOSCOPE 330-vOLT 0-C KINESCOPE

L mcr-voLTace POWER SUPPLY HIGH-VOLTAGE | |

SUPPLY FOR ALL UNITS SUPPLY
(F1G. 8} (F1G.7) (F1G.9)

Care should also be taken if long cables are used between the
camera and the monitor to filter all electrode voltages properly and
to carry a good low-resistance ground between the two pieces of equip-
ment. All of the shields for the cables and the camera housing should
be returned to the monitor rack and a solid connection made at one
point only. This will eliminate possible pickup loops due to nonuniform
ground potentials.

It is recommended that the camera tube be operated with its second
anode at ground potential and its cathode at a high negative potential.
This method of operation eliminates the need for a high-voltage input
capacitor to the grid of the first preamplifier stage, since the signal
plate of the iconoscope operates at second-anode voltage. Operating
the iconoscope in this manner also eliminates the possibility of coup-
ling hum from the high-voltage power supply into the input of the
video preamplifier.

The video preamplifier, diagrammed in Figure 3, consists of four
stages using the miniature tube type 6AG5. Conventional shunt peak-
ing is used to obtain a flat response over the range from 60 cycles per
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second to 2.5 megacycles. Because of the shunt capacitance of the
iconoscope signal electrode and the input stage of the first video pre-
amplifier, it is necessary to compensate the video preamplifier for the
loss of high frequencies. The loss of high-frequency picture intelli-
gence may be observed on the kinescope as a black streak following a
black bar on a white background. The action of the compensation
stage is to reduce in amplitude the low-frequency response and to
amplify the high frequencies, giving an overall linear response with
rcduced amplitude over the desired
bandwidth. Over-compensation of
the amplifier, that is, peaking the
high frequenc.es tco much, is evi-
denced by a white streak following
a black bar on a white background.
The output of the video preampli-
fier is fed over a 75-ohm coaxial
cable, at a level of 0.6 volts peak-to-
peak, to the gain control at the in-
put to the video line amplifier,

OPTICAL SYSTEM

The lens mount and optical fo-
cusing system for the camera con-
sist of two pieces of concentric tub-
ing. The smaller tubing has the
lens mounted on one end and the
inside surface of this tubing is
painted a matte black to reduce
inside wall reflections. The larger
tubing is solidly mounted on the o
front panel of the camera. '

Optical focus is obtained by slid-
ing the smaller tubing back and Two-inch iconoscope for the 250-line
forth on its axis inside the larger RYRESHE
tubing. The two pieces of tubing
take the place of a bellows since they are light tight and give a wide
range of focus. Because of the small mosaic in the two-inch iconoscope,
a physically small lens with a large opening (f:2 or £:3.5) and a short
focal length (2 to 3 inch) may be used. A short focal length lens of
this type is inexpensive and easy to obtain.

g
‘mAfﬂiFi.‘r.rrC"
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It is also desirable to have an adjustable iris on the lens so that
best light conditions can be obtained. With this simple optical system
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Capabilitics of the system are illustrated by this same-size reproduction of
a photograph taken of the screen of the 7GP4 kinescope.

1 S

a good picture of about 250-lines resolution can be obtained with about
1,000 foot candles scene illumination.

ViDEO LINE AMPLIFIER

The video line amplifier, Figure 4, uses three 6ACT7 type tubes as
amplifiers and, like the video preamplifier, uses conventional shunt
peaking to obtain a flat response from 60 cycles per second to 2.5
megacycles. The output of the amplifier is a video signal complete
with horizontal and vertical kinescope blanking pulses and is capable

FI6.4

6AGS 6AGS

Y SIGNAL ELECTRODE OF 5527 TOLOF
|

0.

Fig. 3—Video preamplifier circuit.
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of producing a 40-volt peak-to-peak signal to drive the grid of the
7GP4 kinescope.

Because this system was not designed for transmitting a video
signal, the insertion of synchronizing pulses was eliminated. These
synchronizing pulses could be inserted into the line amplifier after
the blanking insertion stage. In this case, the output of the video line
amplifier would be a composite video signal with the synchronizing
pulse superimposed on the blanking pulses. This output could then be
coupled into a video modulator for transmission of a televised picture.

SYNCHRONIZING AND BLANKING CIRCUITS

The standard method of interlaced scanning for both the kine-
scope and the iconoscope was rejected in favor of a simpler method

1000 15000
e ERT
75.000‘: 2000 50005 2,0003
< <
™ I
FROM L 8 44 TO 8 44 TO
OF F16.3 684H 68,H
(
P
025
o {= ==
" ~— —
250 % SAC;\’ 0
CARBON 8 -
4 2 P4 <
0 ==L00 $200  $0.24 ==IPOO $200
"] b9 b3 b3 S
L FROM. G \85 L
- A OF Fi6 58 ~

Fig. 4—Circuit of video line amplifier.

to keep the expense low and physical size of the equipment small. The
60-cycle-per-second relaxation oscillator synchronized to the 60-cycle-
per-second power frequency supplies the vertical time base. This
simple oscillator synchronized with the power frequency is stable
enough to eliminate the need of a speed control. A free-running multi-
vibrator operating at approximately 15,000 cycles per second supplies
the horizontal time base. These frequencies give a 250-line, 60-frame
noninterlaced scanning raster, which when properly blanked, gives a
stable picture.

VERTICAL AND HORIZONTAL OSCILLATORS

A 6ACT tube is used for the vertical oscillator, as shown in Figure
5A. The frequency of oscillation is determined by the tube capacitance
in conjunction with the RC constants in the screen-grid and suppres-
sor-grid circuits. A 60-cycle saw-tooth voltage is developed in the
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plate circuits of this oscillator and coupled into a 6SN7-GT phase
inverter.

The output of the inverter stage is a push-pull saw-tooth voltage of
sufficient amplitude to scan the iconoscope in the vertical direction.
The screen circuit of the 6ACT vertical oscillator produces a straight-
sided pulse of approximately 20 volts peak-to-peak which is used as
the driving pulse for the kinescope vertical scanning. With this method
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Fig. 5—(Top) Vertical oscillator and scanning circuit for the 5527. (Middle)
Mixing and blanking circuits. (Bottom) Horizontal multivibrator and
scanning circuit for 5527.
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both the iconoscope and kinescope vertical scanning systems are in
synchronization.

The horizontal synchronizing pulses and driving pulses are derived
from a free-running cathode-coupled multivibrator utilizing a 6SCT,
as shown in Figure 5C. The cathode of the horizontal multivibrator
produces a positive straightsided pulse which is coupled to a 6J5 dis-
charge tube; this cathode pulse is also used as the driving pulse for
the horizontal kinescope scanning. The output of the horizontal dis-
charge tube is coupled to a 6SN7-GT phase inverter and pushpull out-
put tube which produces the horizontal deflection for the iconoscope.

Across the cathode resistor of the vertical oscillator, a straight-
sided negative pulse of approximately eight volts peakt-to-peak is de-
veloped. In the plate circuit of the horizontal multivibrator, a similar
straight-sided negative pulse is produced. These two pulses are com-
bined in the 6SL7-GT pulse-mixer tube, Figure 5B, and then amplified
in the 6SL7-GT blanking amplifier. The kinescope mixed blanking
voltage is developed across the cathode resistor of the blanking ampli-
fier and fed into the second stage of the video line amplifier. The icono-
scope mixed blanking voltage is taken from the plate of the blanking
amplifier and fed to grid 1 of the iconoscope. Since the vertical and
horizontal blanking pulses are derived from the same oscillators that
produce the driving pulses for the scanning circuits, the blanking time
is not sufficient to eliminate the bright edges which appear on the
sides of the scanned raster. This effect is not desirable but it does not
detract too much from the quality of the picture produced.

DEFLECTION CIRCUITS FOR KINESCOPE

The electrostatic deflection for the 7GP4 kinescope is developed
from the horizontal and vertical timing oscillators. These driving
pulses are coupled into the grid circuits of a pair of 6J5 discharge
tubes, Figure 6, which produces horizontal and vertical saw-tooth
voltages. The horizontal and vertical saw-tooth voltages developed in
the plate circuits of the 6J5 discharge tube are coupled to a pair of
6SNT7GT phase inverter and push-pull output tubes. The width con-
trol is in the plate circuit of the horizontal discharge tube, and the
height control is in the plate circuit of the vertical discharge tube.

POWER SUPPLIES

The direct-current power supplies for the complete television sys-
tem consist of a 330-volt, 300-milliampere electronically regulated sup-
ply, two radio frequency operated high-voltage supplies, and two glow
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Fig. 6—Horizontal and vertical deflection circuits for 7TGP4 picture tube.

tube regulated supplies. The 330-volt d-c supply, Figure 7, operates the
deflection circuits, the video amplifiers, the blanking amplifier, and the
oscillators for the high-voltage supply. One radio frequency high-
voltage supply, Figure 8, operates at —1 kilovolt maximum and is
capable of one milliampere current drain. This supplies the focus and
P, voltage for the iconoscope. The second radio frequency high-voltage
supply, Figure 9, operates at —three kilovolts and supplies focus and P,
voltages for the 7TGP4 kinescope. The two glow-tube regulated supplies,
Figure 10, operate at —75 volts and produce electrostatic centering
voltages for the iconoscope and kinescope.

All of the components in this simplified television system may
easily be mounted on a standard rack measuring 22 X 47 X 17 inches.
The camera unit, however, may be mounted separately in a small
compartment 4 X 12 X 6 inches and cabled to the monitor rack.
All of the components may be cabled together by means of Jones
plugs or Amphenol connectors. In this way, any components may be
removed from the rack for servicing or study without unsoldering
any connections.

330v

éuno?ﬁ%m
L

%20 [0D3/VRI0

15,000

$opoo

Fig. T-—Electronically regulated d-c power supply.
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Fig. 8 — Circuit of r-f operated Fig. 9—R-f-operated high-voltage
high-voltage supply for the 5527. supply for the TGP4.

Operating tests have proved that this television equipment is re-
liable and stable. Under proper lighting conditions, it is possible to
obtain a good television picture with sufficient detail to meet the
requirements of most industrial or educational needs. The equipment
is small and compact and because of its simplicity, does not require
highly trained personnel.

——
o 1 08 L WATS £
=
nrv [ .
AC g‘ €
ke -t 6
Fen 20T 20T AND
=4 wrze-61 20T 20 e

n726-67
| .
OAY/VRTS

[ e
o F
1.4 2%

n726-67 20 20T

2] .

i e

Fig. 10—Horizontal and vertical
centering supplies.



THE SENSITIVITY PERFORMANCE OF THE
HUMAN EYE ON AN ABSOLUTE SCALE*t

By

ALBERT ROSE

RCA Laboratories Division,
Princeton, N. J.

Summary—An absolute scale of performance i set up in terms of the
performance of an ideal picture pickup device, that is, one limited only
by random fluctuations in the primary photo process. Only one parameter,
the quantum efficiency of the primary photo process, locates position on
this scale. The characteristic equation for the performance of an idcal
device has the form

BC2a® = constant

where B is the luminance of the scene, and C and « are respectively the
threshold contrast and angular size of a test object in the scene. This ideal
type of performance is shown to be satisfied by a simple experimental
television pickup arrangement. By means of the arrangement, two
parameters, storage time of the eye and threshold signal-to-noise ratio
are determined to be 0.2 second and five respectively. Published data on
the performance of the eye are compared with ideal performance. In the
ranges of B(10—6 to 10* footlamberts), C(2 to 100 per cent) and a(2 to
100’), the performance of the eye may be matched by an ideal device having
a quantum efficiency of 5 per cent at low lights and 0.5 per cent at high
lights. This is of considerable technical importance in simplifying the
analysis of problems involving comparisons of the performance of the eye
and man-made devices. To the extent that independent measurements of
the quantum efficiency of the eye confirm the values (0.5 per cent to 5.0
per cent), the performance of the eye is limited by fluctuations in the
primary photo process. To the same extent, other mechanisms for describ-
ing the eye that do not take these fluctuations into account are ruled out.
It is argued that the phenomenon of dark adaptation can be ascribed only
in gmall part to the primary photo-process and must be mainly controlled
by a variable gain mechanism located between the primary photo-process
and the nerve fibers carrying pulses to the brain.

INTRODUCTION

HE designer of picture pickup devices such as television pickup

ll tubes, photographic film and electron image tubes is faced
steadily with the problem of comparing the performance of these
devices with the performance of the human eye. This is especially true
for comparisons of sensitivity. Neither television pickup tubes nor
photographic film match the ability of the eye to record pictures at

* Decimal Classification: R583.1.
1 Reprinted from Jour. Opt. Soe. Aner., February, 1948.
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very low scene luminances. Film ceases to record at a scene luminance
of a few footlamberts, and present television pickup tubes at a few
tenths of a footlambert. (Lens diameters and exposure times are as-
sumed equal to those of the eye.) The eye, however, still transmits a
picture at 10—% footlambert. This is a striking discrepancy, especially
when it is known that eye, film and pickup tuhe each require about the
same number of incident quanta to generate a visual act. By visual act
is meant a threshold visual sensation for the eye, the rendering of a
photographic grain developable in film or the release of a photo-electron
in a television pickup tube. This number of incident quanta is in the
neighborhood of 100. The sources of this discrepancy will be discussed
later. For the present, the discrepancy is introduced and emphasized
for the following reason. Since television pickup tubes and photo-
graphic film are already limited in their performance by more or less
fundamental statistical fluctuations (noise currents in pickup tubes and
graininess in film) and since the low light performance of the eye so
far outstrips that of pickup tubes and film, it is not unreasonable to
inquire whether the performance of the eve also is limited by statistical
fluctuations.

The purpose of this paper is, in fact, to lay out clearly the absolute
limitations to the visual process that are imposed by fluctuation theory
and to compare the actual performance of the eye with these limita-
tions. The gap, if there is one, between the performance to be expected
from fluctuation theory and the actual performance of the eye is a
measure of the “logical space’”” within which one may introduce special
mechanisms, other than fluctuations, to determine its performance.
These special mechanisms can only contract the limits already set by
fluctuation theory. This point is especially important because it re-
stricts the freedom with which one can introduce such assumptions as:
(1) rods or cones with variable thresholds of excitation, (2) an ab-
sorption coefficient for the retina that varies with scene luminance or
(3) photo-chemical reaction rate equations with arbitrary coefficients.

The following discussion begins with a description of ideal per-
formance, that is, performance limited only by statistical fluctuations
in the absorption of light quanta. Next an experimental realization of
ideal performance is introduced in the form of a special television
pickup arrangement. The performance data for the eye is then com-
pared with ideal performance and finally some implications of this
comparison are discussed.

It must be emphasized that this discussion is concerned primarily
with the low light end of the light range over which the eye operates.
1t is here that fluctuation limitations would be expected to be the



274 TELEVISION, Volume V

dominant factor. At very high lights other limitations set in, as for
example, the finite structure of the retinal mosaic, or the limited traffic
carrying capacity of the optic nerve fibers. Important as these factors
are for a complete understanding of the eye, they do not constitute, as
do statistical fluctuations, an absolute limit to the possible perform-
ance of the visual process. They are the particular boundary conditions
pertaining to the eye, which, in another device or in an “improved
eye,” might take on other values. The light range considered here is
still the larger part of the total light range of the eye, namely, from
10— to 102 footlamberts. The excluded range is 102 to 104 footlamberts.

Also the discussion is confined, except for a few remarks on color,
to the sensitivity performance of the eye for white (as opposed to
colored) test patterns.

PERFORMANCE OF AN IDEAL PICTURE PICKUP DEVICE

An ideal picture pickup device is defined to be one whose perform-
ance is limited by random fluctuations in the absorption of light quanta
in the primary photo-process. Each absorbed quantum is assumed to
be observable in the sense that it may be counted in the final picture.
From well known statistical relations, an average absorption of N
quanta will have associated with it deviations from the average whose
root mean square value is N*. These deviations are a measure of the
accuracy with which the average number N may be determined. They
also control the smallest change in N that may be detected. Thus if
this smallest change is denoted by AN:

AN ~ N}, (1
or

AN = kN?#, (1a)
where k is a constant to be determined experimentally. k is called the
threshold signal-to-noise ratio.

Let the average number of quanta, N, be absorbed in an element
of area of side length k, and in the exposure time of the pickup de-
vice. Then N/h? is proportional to the luminance of the original scene
and AN to the threshold change in luminance and we may write

scene luminance = B ~ (N/h?), (2)
threshold contrast = C = AB/B X 1009
= AN/N X 1009, ~ 1/N}, (3)
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Combining Equations (2) and (3) we get:

B ~1/C2h?, (4)

B ~1/C%?, ' (4a)
or

B = constant (1/C2e2), (4b)

where « is the angle subtended by & at the lens. Equation (4b) is the
characteristic equation for the performance of an ideal picture pickup
device. It is based on the simplest and most general assumptions re-
garding the visual process. Since no special mechanism has been
called upon, it applies equally well to chemical, electrical or biological
processes of vision. The constant factor includes among other con-
stants, the storage time, quantum efficiency and optical parameters of
the particular device. When two ideal devices are compared for per-
formance under equivalent conditions, the only distinguishing param-
eter is their respective quantum efficiencies.

Equation (4b) provides the threshold value of any one of the
variables when the other two are arbitrarily specified. Thus Figure 1
shows a plot on a log — log scale of threshold contrast as a function
of visual angle for various fixed values of the scene luminance. In
Figure 2, threshold contrast is plotted as a function of 1/(Bla) and,
as expected from Equation (4b), all of the performance data of Figure
1 collapse into a single straight line. The location of this line deter-
mines the constant in Equation (4b) and from this constant the
quantum efficiency of the device may be computed (see Equation 5).

It should be clear that there is nothing in the fluctuation theory
used to derive Equation (4b) that would prevent the lines in Figure 1
from being extended indefinitely to the right toward small angles or
indefinitely downward toward low contrasts. It should also be clear,
on the other hand, that any actual physical device will impose such
limitations. The smallest angle that can be resolved may be limited
either by structure in the surface on which the optical image is focused
or eventually by diffraction effects in the optical focus itself. Also any
actual physical device cannot generate artbitrarily high signals as
would be required if the lines in Figure 1 were extended to arbitrarily
small contrasts. Both these limitations have no necessary connection
with fluctuation theory and serve merely to define the boundaries
within which such a theory may be applied. Such boundaries may be
shown, for example, as in Figure 1 by the two dash-dot lines. The lines
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Fig. 1—Performance of ideal pickup device. The experimentally determined
value, 5, of threshold signal-to-noise ratio was used to compute these curves.
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Fig. 2—Performance curve for ideal pickup device. A reduced
plot of the curves in Figure 1.
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represent asymptotic values approached by an actual device under high
light conditions. For this reason, data plotted for an actual device
would be expected to bend away from their theoretically straight lines
as they approach the dash-dot boundaries.

The complete characteristic equation with the constant factor
written out is

B = 5(k2/Dt0) (1/a°C?) X 10-3 footlambert, (5)

where the symbols have these meanings and units:
J—threshold signal-to-noise ratio [see Equation (1a)],
D—diameter of the lens (inches),
t—exposure time (seconds),
fA—quantum yield (8 =1 means 100 per cent quantum efliciency),
a—angular size of the test object in minutes of are,

C—per cent contrast of the test object [i.e., C = (AB/B) X 100
per cent].

¢ ® FOOT LamoERTS N QUANTA ABSORBED
VAN ABSO
_—SCENE { N, QUANTA EMITTED | " ARCA 4% AND
PER STCONO PCR FT STORAGE T ¢

The constant factor is derived as follows. In place of Equation (2)
we write (see Figure 3):

N = N 412 sin’e, ' (6)

where N, is the total number of quanta emitted per square foot of the
scene per second according to a Lambert distribution. Now since

= (d/F)h, and sing = D/2d,

we can write
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N = }0NotD?(h2/F2?) = 1.4 NytD2a? X 1010, )]

where a is expressed in minutes of arc and D in inches. Using the
equivalence, one lumen of white light = 1.3 X 1018 quanta per second,

No/1.3 X 101¢ = B footlamberts,

N = 28BtD2a? X 108,
and

B =5(N/D?8a?) X 10-7 footlamberts. (8)
From Equations (3) and (la) we get:
C =100k/N1, (9)
Combining Equations (8) and (9) we get:
B = 5(k*/D*t8) (1/a2C?) X 10