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PREFACE

Recent trends in the development of television systems for special-
ized industrial uses and for the transmission of images in full color
have made classical methods obsolete for teaching the principles of
those systems, if “classical” may be applied 1o a ten-year interval.
These methods have concentrated on the television broadeasting sys-
tem as standardized in the United States of America. It is believed
that this limited point of view leads the student to misconceptions
about transmission standards and, in some cases, to incorrect inter-
pretations of design philosophy. For this reason the present work
hegins with a study of closed systems, those that rely upon cable con-
nections between sending and receiving apparatus.  In this manner
those features of the commercial system that depend solely upon the
use of radio waves as a carrier are eliminated, and the field of interest
is restricted to the problems of converting an image to an electrical
signal and of reversing that process.

In the second portion of the book the point of view is expanded to
include the complications introduced by using a radio link in place
of interconnecting cables. The last portion is concerned with meth-
ods of superimposing color-perception on a system which is inherently
color blind. Since details of a new art change rapidly, an attempt is
made to concentrate on the basic principles involved. Liberal use
of footnote references to articles in the literature has been made so
that the interested student may readily locate source material.
Where there is need for an equation or a method of approach which
may have been crowded out of the mind of the practicing engineer,
reference has been made to only one of the many standard texts in
electronics or radio engineering that cover such material.

In regard to notation an attempt has been made, in so far as pos-
sible, to use a consistent set of symbols throughout the book, even
when this policy requires notation different from that used in the
source material. Free use has been made of the symbols a-c and d-c
as adjectives, and frequency is specified in cycles, kilocycles, or mega-
cycles, the “per second” being omitted to conform with the current,
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though inelegant, trend. In several sections, the angular frequency,
w, is referred to as frequency when no chance for ambiguity is present.

It is a pleasure to acknowledge the invaluable assistance of Mr.
Leonard Mautner and Dean W. L. Everitt, who furnished construe-
tive criticism of the manuscript, and also Dr. Irving Wladaver for
his help in preparing much of the photographic material. My thanks
are also extended to Mr. P. H. Gridley and his associates for their
cooperation and excellent workmanship in the preparation of the
illustrations.

A number of technical societies, publishing companies, and manu-
facturers have been gencrous in furnishing diagrams, technical infor-
mation, and samples that were needed for the preparation of the
book. While too numerous to list here, they are eredited throughout
the book for the material they have furnished.

GEORGE E. ANNER
Yonkers, N.Y.
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CHAPTER 1
TRANSMISSION OF PICTURES

1-1. Definitions

Television has been defined as the electrical transmission of a
succession of images and their reception in such a way as to give
a substantially continuous reproduction of the subject or scene hefore
the eye of a distant observer. Any complete electrical network that
meets these requirements is termed a television system and its func-
tion is to generate, transmit, and reproduce video or picture infor-
mation. Since the information to be conveved is not electrical in
nature, the network must have at least three basic elements: first, a
transducer that serves to convert the optical data into some sort of
equivalent eclectrical signal; second, an electrical link to carry these
signals to a distant point; and third, another transducer that recon-
verts the electrical signals into an optical image which is acceptable
to an observer at the distant point. These three elements are
directly related to the threefold function of the television system
stated above: a transducer to generate, a link to transmit, and a
transducer to reproduce the desired information.

What additional components are required over and above these
three depends largely upon the character of the information, the
speed of transmission, and the characteristics of the transmission
medium. Thus, if an intelligent engineering approach to the subject
of television systems is to be taken, we must first look to the nature
of the information which the system must handle.

The foregoing statements are more or less applicable to any elec-
trical communications network which is to transmit information that
is nonelectrical in itself. For example, in the transmission of speech
by telephone, microphone and receiver serve as transducers with the
connecting link furnished by wires. The additional elements of the
telephone system—such as repeating amplifiers, modulators, filters
and detectors in a carrier system—depend on the wire transmission
characteristics, the time allowed for transmitting a given amount of
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p CLOSED TELEVISION SYSTEMS [§1-2

information, and the very nature of speech itself. In order to design
transducers and other components that will give a satisfactory re-
production of the speech input, the engineer must first know the
characteristies of the signals with which he is dealing. Hence, in our
approach to the elements of television systems we start first with a
brief analysis of a picture and the problems of transmitting such
a picture over an electrical communication channel. From this we
may procced to a study of transducers and their associated equipment
which will provide an electrical signal acceptable to the channel.
The various components may then be joined into typical television
systems.

Throughout this entire procedure we must remember that practical
picture transmission involves the production of the illusion of a
complete picture for the distant observer and that the function of the
television engineer is to design, build, and maintain a commercially
feasible system which will accomplish this illusion.

1-2. A Matter of Dimensions

Since the transmission of picture information is to take place over
an electrical link of some sort, it seems desirable to sec if such a link
imposes any broad limitations on the type of signals which it can
convey.

By definition, the response of an electrical circuit is a single-valued
function of time. By this we mean that if signals from a number of
sources are applied to the input terminals of a four-terminal network,
they will add in such a manner that the voltage at the output termi-
nals will have one, and only one, value at any instant of time.
Whereas it is true that the output signal over a period of time may
be resolved into separate frequency components, still it has only one
amplitude instantaneously. We might say, then, that an electrical
link is limited in that it may accommodate only a single-valued
function of time. As an illustration of this principle we may con-
sider the network shown in Fig. 1-1. An external noise source
introduces a component of current ix(f,f), which adds to the signal
current i5(f,t). A current [is(f,f) + ix(f,t)] which has only one am-
plitude at any instant will be delivered to the receiver. It would seem,
therefore, that a communication channel is limited in the type of
signal it can handle; all components will add to give a single-ampli-
tude function of time.
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NOISE t
SOURCES P
Iy(Ft)
SIGNAL RECEIVER
SOURCE [15(F,t) Ia(f,t) t—
Fig. 1-1. Signal and noise combine to  Fig. 1-2.  Sound pressure is a single-
give a single-valued funetion of time. valued function of time.

Fortunately for the communication art most forms of intelligence
that are transmitted by electrical means are either inherently single-
valued or may be forced into a single-valued form. Speech is an
example of the first type because the spoken message may be repre-
sented at any point in space by a plot of sound pressure against time.
This is illustrated in Iig. 1-2. If a suitable microphone is placed at
that point, the variations in pressure would be converted into corre-
sponding variations in voltage or current, and, in the absence of
distortion, the electrical signal would also appear as in Fig. 1-2 but
with the pressure scale replaced by voltage or current. Thus in the
transmission of speech by wire—and the discussion may be extended
to include radio communication—the entire message may be repre-
sented by a single-valued function of time.

Turning to the problem at hand, we have an example of the second
type of intelligence. Let us consider that a picture or photograph
of some sort is to be transmitted and, further, let us try to handle
picture transmission in the same manner as speech. In place of a
microphone a phototube is used as a transducer. If the light from
the photograph is focused onto the phototube, an electrical current
will be developed which once again is a single-valued function of time,
but notice that all detail of the image is lost in the electrical signal.
Since the phototube ‘“‘sees” the entire image, the best it can do is to
develop a signal that is proportional to the average brightness of the
image. It has no way of recognizing that the picture is in fact a
bounded, two-dimensional continuum of brightness. We might say
that there is a complete incompatibility between the information to
be transmitted, which is inherently two-dimensional, and the electri-
cal system, which is only capable of handling a one-dimensional
signal.
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This basie incompatibility may be resolved, however, by a compro-
mise. Experience with photographs and half-tone printing methods
has shown that as a result of the limited acuity of the eve a perfectly
satisfactory picture results if the continuum of brightness is replaced
by a field of elemental areas, the brightness of cach heing the average
brightness of the corresponding area in the original image. This
concept is illustrated in Lig. 1-3, where the actual variation in

X X
Y=y Y=y
Fig. 1-3. The actual distribution of brightness is replaced by a
number of samples.

brightness across the picture is replaced by a large number of samples
of average brightness. If this process be extended in both dimensions
over the picture, it may be seen that the original picture will be
replaced by M smaller pictures, each of which is of constant bright-
ness. M may be termed the “figure of merit” of the approximate
picture, and the greater the number of samples, the closer will be the
approximation of the original scene.

How this procedure is accomplished in an actual system will be
described later. For the moment a simple system may be proposed.
Let the picture be focused on a field of infinitesimally small photo-
tubes, spaced closely together. Then the output of each phototube
is proportional to the average brightness of an elemental area. Now

7
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Fig. 1-4. The scene is focused onto an array of phototubes,
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if the information so derived is to be transmitted to some point over
a wire system, for example, a reproducing system which will convert
voltage to brightness is required, which further has a one-to-one
correspondence to the phototubes in regard to both number and
position.

Since the phototube for each picture element delivers the proper
type of electrical signal for a communication channel, the entire
picture may be transmitted by connecting the A phototubes to M
reproducing elements so that signals from all the elements are trans-
mitted simultaneously in parallel. Care must be taken that each
pair of pickup and reproducing elements so connected oceupy corre-
sponding positions in the over-all picture field so that the space
co-ordinates are restored. Whereas such a parallel transmission sys-
tem as shown in Fig. 1-5 appears feasible on paper, its accomplish-

PHOTOTUGBES VREPRODU;RS
égﬂ | %ga

Fig. 1-5. Parallel transmission.

ment is practically out of question when it is realized that for a
satisfactory picture some 100,000 elements and channels would be
required. This number is determined by such factors as picture size
and viewing distance, but 100,000 is a good round number to repre-
sent the order of magnitude of the problem posed by this parallel
transmission system in which information from all A/ elements is
transmitted simultaneously and over parallel communication chan-
nels.

One practical value of the parallel transmission system just de-
scribed is that it illustrates the concept of sampling which is of great
importance in picture transmission: one large area whose brightness
varies from point to point may be replaced by A/ small areas or
samples, the brightness of each being a sample of the brightness in
the corresponding region of the original picture. The purpose of the
sampling process is to render the bidimensional information amenable
to transmission over M electrical systems.
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We must now find a means of reducing the number of channels.
We have seen that the picture may be sampled in space. If now it be
sampled in time as well, the problem is solved. Suppose that two
rotating, sampling switches are introduced into the system as shown
in Fig. 1-6. With this arrangement the phototube outputs are

SWITCH

SWITCH | COMMUNICATION
CHANNEL

C o [

PICKUP REPRODUCING
ELEMENTS

Fig. 1-6. Sequential transmission. Picture information from the
several pickup elements is sampled in sequence.

sampled in an orderly fashion and a complete compatibility exists:
the two-dimensional information has been reduced to a single-valued
function of time. Nevertheless some sacrifice is made for the com-
promise. The original image has been resolved or broken up into M
elements with a loss in resolution or detail, and the entire picture is
never displayed in its entirety at any instant at the reproducer. This
second fact requires that the sampling process occur at a rate suf-
ficiently high that the eye may reassemble the picture and see its
motion reproduced in a satisfactory manner.

This second or sequential system of picture transmission, in which
the picture elements are sampled in time, forms the basis of modern
television systems and, as such, needs closer examination. Consider
the requirements on the three main components of the system.

Pickup System:

(1) Is a photoelectric transducer.

(2) Breaks the picture up into M samples or elements in space.

(3) Has a selecting mechanism that samples these elements in some
orderly manner in time and delivers these samples in sequence to the
communication channel.

Reproducing System:

(1) Is an electrophoto transducer.

(2) Has a selecting mechanism which, operating in exact synchro-
nism with the pickup selector, delivers the time samples from the
communication system to the proper playback elements so that
each sample is restored to its proper position in space.
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Communication Channel:

(1) Must have the capabilities, i.e., bandwidth and delay charac-
teristics, to deliver all signal and switch-synchronizing information
furnished by the pickup system over the required distance to the
reproducing system, and all this with a minimum of distortion.

Over a period of years considerable ingenuity has been used to
develop devices which at the pickup end combine the functions of
breaking up the picture into elements, selective switching, and con-
verting light to voltage or current. Typical of these are the image
dissector, the iconoscope, and the image orthicon. At the repro-
ducing end the same functions have been combined into the cathode-
ray tube, or CRT, which is used exclusively for direct-view television
service and will be assumed as the reproducing transducer through
the rest of this book.

The combined functions of breaking the scene up into elemental
areas and switching them is termed ‘“‘scanning.” In the several
devices mentioned above, scanning is accomplished by causing a
beam of electrons to be deflected over either a suitable photoemis-
sive surface for pickup or a fluorescent surface for reproducing.

1-3. Facsimile v. Television

Generally speaking there are two types of service in which picture
information is transmitted: facsimile and television. In the former,
a photographic image is delivered at the playback end, whereas in
television an optical image must be presented which is suitable to the
human eye. Because of this difference in display at the receiving end
the actual details of the two systems differ considerably. Consider
the problem in television. It has been stated before that the entire
scanning process must proceed at a fast enough rate so that the eye
can successfully integrate the samples which are displayed in sequence
into a complete picture. The eye never sees a complete image of the
picture, but only a small part of it at any given instant. The question
arises, then, how fast must the entire picture area be covered by the
scanning device? A number of factors are cogent, two of them being
retina retentivity in the eye and, where phosphor-coated CRT’s are
used for display, the glow time of the phosphor. The former is a
psychological phenomenon in which the eye ‘‘sees” an image for
a short period after the stimulus is removed. It is this property
of the eye which makes possible effective integration of all the in-
formation which has been presented in sequence.
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The second factor is a characteristie of all phosphors or fluorescent
materials which after being hombarded by an clectron stream, con-
tinue to glow with the intensity decreasing exponentially in time.
The actual decay time from the removal of excitation until the
intensity reaches the threshold of visibility may be controlled by
proper composition of the fluorescent material being excited. In P4
screens of the type used for television service this decay time is in the
order of a millisecond.! This short but finite glow period is of con-
siderable aid to the eye in reassembling the entire picture from its
many parts.

Another factor to be considered is that motion in the original
televised scene must also be reproduced. This problem is shared in
“moving”’ pictures in which a series of “still” photographs must
be presented in rapid enough succession so that apparent motion
results. The cinema industry has found that if the eye is presented
at least 16 complete pictures per second, then the illusion of motion
is satisfactory. This figure of 16 pictures per second also presents
the scquential data to the eye rapidly enough so that not only motion
but the entire television picture itself appears satisfactory to the eye.
It will be seen later that flicker difficulties place further demands on
the speed of picture presentation,

Summarizing, it is seen that the eye demands at least one picture
in {¢ second. In facsimile service on the other hand, a photographic
image is constructed and the demands on speed of presentation are
much less stringent. In fact, 20 or more minutes may be utilized
in the transmission, reception, and reproduction of a single still
picture. Translated in terms of scanning vequirements, this means
that the scanning in facsimile work is extremely slow and mechanical
means for moving some scanning element may be used. With this
slight background, a facsimile system may be described which will
illustrate the principal components required and the interrelationship
between them.

1-4. A Facsimile System

It will be assumed that a high-quality photograph of a normal size
of 7 in. by 8% in. is to be transmitted. If this is illuminated, the
light reflected from its surface will contain information as to the

V1. G. Maloff and D. W. Epstein, “Luminescent Sereens for Cathode Ray
Tubes.”  Electronics, 10 (11), 31 (November 1937),
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brightness distribution over the picture area. This must be con-
verted to electrical energy so that the fisst component required in
the svstem is a photoeleetrie transducer. A phototube or photocell
will serve in this eapacity.

Secondly, means must be provided for the reduction of the picture
into a number of elemental areas and for switching them to the
communication channel in orderly sequence. In the previous dis-
cussion of sequential transmission an array of infinitesimally small
phototubes plus a switeh was proposed.  In the interest of simplicity,
however, assume that this multiplicity of stationary phototubes is
replaced by a single phototube which scans across the image. By
this simple expedicnt the two functions of breaking into elements and
switching may be combined. In a typical type of facsimile equip-
ment? the scanning phototube is fixed, and the copy is made to move
in front of it, as shown in Fig. 1-7. In order that the photocell see
only a small elemental arca of the picture a special optical system is
used. As may be scen from the diagram, light from an exciter lamp

1800 CYCLE FORK

PICK UP MAGNET / DRIVE MAGNETS
CONTRAST CONTROL
0
|
AL .

S 4 A
£D BACK SIGN, xR
1800~ CARRIER - GAIN
— CONTROL ? OgESgT

TO TRANSMISSON
CHANNEL

CAM TO CONTROL
HALF NUTS

Fig. 1-7. The pickup equipment of a faesimile system. (Courtesy
of Times Faesimile Corporation.)

2 Elements of Facsimile Communications, The Times Faesimile Corporation.
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of constant intensity is focused onto the moving copy. The reflected
light passes through a small defining aperture in the light-tight hous-
ing to the photocell. Ideally this aperture should be infinitesimally
small since it determines the size of the picture elements and hence the
detail in the final image. Practical considerations rule out this
possibility, however, and the actual aperture size is about 0.01 in.
square. We shall see in Chapter 5 that the finite size of this scanning
aperture introduces distortion in the electrical signal and that the
nature of the distortion is such that it may be corrected electrically.

Since the photocell provides the required conversion from light to
voltage, we next consider the scanning means which move the picture
area across the aperture. It may be seen in Fig. 1-7 that the copy
is fixed on a drum that is keyed to a revolving lead screw. Thus
when the synchronous motor operates, the copy drum revolves and
moves along the lead screw. In this manner the entire copy is
scanned. Speed control of the entire process is maintained by driving
the synchronous motor from a stable-frequency tuning-fork oscillator.
The output of the fork oscillator is also used as a carrier which is
amplified and fed to the communication channel.

The inverse process must be carried out at the reproducing end of
the system; that is, a similar scanning drum is required to restore the
sampled information to its proper location in the image, and the elec-
trical signal must be converted back to light so that it may expose
the photosensitive paper which is wrapped around the receiving drum.
The major portions of the reproducing system are shown in IFig. 1-8.
The drum is driven at proper speed by a fork-controlled synchronous
motor and the optical system consists of a focusing lens and a neon
light whose luminous output is proportional to the incoming clectrical
signal. The final image is produced by developing the photographic
image, which has been exposed on the revolving drum.

Now it can be scen that if the image is to be reproduced properly,
both drums must rotate in synchronism. Since both motors will
rotate at the same speed as a result of the action of the fork oscillators,
it is only necessary that the two drums start scanning in phase. This
is accomplished in the following manner: At the beginning of a trans-
mission the reproducing drum is prevented from rotating by the
cluteh, stop arm, and trip magnet shown in Fig. 1-8.  As the record-
ing drum of IFig. 1-7 starts to rotate, the photocell scans the phasing
spot and transmits a phasing pulse which is fed to the communication
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GAIN CONTROL

STOP ARM AND
TRIP MAGNET

Fig. 1-8. The reproducing equipment of a facsimile system. (Cour-
tesy of Times Facsimile Corporation.)

channel. When this pulse arrives at the receiving end, the trip mag-
net releases and the reproducing drum begins to revolve. As we have
seen, the control afforded by the fork oscillators will hold the two
drums in synchronism for the duration of the transmission.

Some idea of the performance of this facsimile equipment may be
had from the following figures: With the two drums rotating at 90
revolutions per minute an image of 7-in. by 81-in. size may be
transmitted in seven minutes within a 2000-cycle bandwidth. In more
familiar terms, average typewriter copy may be transmitted at a rate
of approximately 130 words per minute.

As we extend the ideas of picture transmission we shall see that,
for a given amount of transmitted detail, bandwidth and time of
transmission may be interchanged. We shall also see that in the
television system a more complex system of synchronizing the pickup
and reproducing scanning motions is required.

It would be desirable at this point to set up an analogous simple
television system so that the requirements of the two types of service,
facsimile and television, could be compared. It has been pointed out,
however, that the scanning speeds required in television are so high
that the use of some mechanical scanning system such as described
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above is precluded.?  Recourse must be made to electronic scanning
systems and a description of the all-clectronic television system will be
postponed until certain of its important components have been dis-
cussed.

These ehief components are the pickup and display devices plus
the units required to produce scanning in them. The over-all ap-
proach in the remainder of this book will be to describe, and where
feasible, to set up design procedures for the various components
required for a closed system comprising a single pickup assembly and
a single reproducing assembly interconnected by wire.  This simple
type of system has many fields of application.t  With the simple
system completed, the problems of a commereial television broad-
casting system will be considered. Here the problems are more
complex, first because a large number of reproducing assemblies or
receivers are associated with any given transmitter, and second
because the wire link between sending and receiving ends is replaced
by a radio communication svstem. These added complexities re-
quire considerable modifications in the simple closed system. The
over-all treatment, then, is a progression from the specific to the more
general.

In developing the closed system we shall follow a definite method of
approach: In Chapter 2 we shall set up a number of standards which
specify the pattern in which the image is scanned.  In Chapter 3 we
study the various means of producing the required scanning pattern
and set up the wave forms of voltage required to cause an electron
beam to follow the preseribed scanning pattern.  With the scanning
voltage specified we consider circuits for generating these voltages in
Chapter 4. Next a study is made of the distortion introduced by the
scanning process. The threc remaining chapters take up the tele-
vision camera tubes, the video amplifier circuits used for amplifying
their output signals, and assemble these components into three basic
tvpes of closed television systems.

3 A notable exception to this statement is the Scophony system of scanning
which has enjoyed some popularity in Great Britain.  The post war trends in the
United States, however, have been toward all-clectronie seanning.  See H. W,
Lee, “The Scophony Television Recciver.”  Nature, 142, 59 (July 9, 1938).
See also Fig. 14-35.

$ R, W. Sanders, “Industrial Television.”  Radio and Telerision News (Radio
and Eleetronie Engineering Edition), 12, No. 2, 3 (February 1949).



CHAPTER 2
PICTURE STANDARDS

A successful communication system must have agreement between
transmitter and receiver concerning how certain functions are to be
performed. Yor example, in specch it is understood that sound is to
be the common carrier and, except for the rare case of the lip reader,
it is assumed by the message source that an ear, rather than an eye or
nose, is to be the reeeiver. Onece this agreement between transmitter
and receiver has been reached, standards may be set up specifying
how these various functions shall be performed. In the case of the
various commercial broadcasting services where individual agree-
ments between the tremendous number of transmitters and receivers
would be impractical, the Government in the form of the Federal
Communications Commission establishes and enforces the stand-
ards. The nced for this standardization is particularly strong in
telecasting services because of the so-called “lock and key” relation-
ship between the two ends of the system; all receivers within the
service area of a given transmitter must be able to receive and display
its program material satisfactorily. On the other hand, in a simple
elosed wire-connected system involving only one transmitter and one
receiver these standards may be held to the barest minimum.

In the discussion of standards, then, the elements requiring stand-
ardization fall into two broad categories: those pertaining to any
system, closed or broadcasting, and those relating more specifically
to commercial telecasting by radio. Those of the first group which
have to do with the picture proper and the method by which it is
scanned are the subject of this chapter.

In a closed system what factors must find agreement between the
pickup and playback ends? Probably the most obvious answer is
picture shape. I'urthermore, if reference is made to the general
requirements of scanning outlined in the last chapter, it will be seen
that speed, geometry, and direction of scan must also be included.

13



14 CLOSED TELEVISION SYSTEMS (§2-1

Other factors are the figure of merit or number of elemental areas used
and the rate of picture transmission. These will now be considered.

2-1. Picture Shape

At first glance the choice of one picture shape from the infinite
number of possible shapes is a difficult one. Practically speaking,
however, the choice is quite limited because scanning problems re-
quire that the shape of the scanned area be some regular and simple
geometric pattern. Thus the field of choice is narrowed on this basis
to three shapes: the circle, the square, and the rectangle.

It has been stated previously that the most common display device
in modern television is the cathode-ray tube. Since for constructional
reasons these tubes are often built with ecircular viewing screens,!
it seems reasonable to choose a circular picture shape, because then
the entire fluorescent surface of the tube may be used for display of
the picture. The following question must now be answered: Given
a circular picture shape, can it be scanned in some relatively simple
pattern? Two reasonable possibilities exist which are shown in Fig.
2-1. A set of closely spaced horizontal (or vertical) lines may be
used. The solid lines indicate a “forward” trace; the dotted lines,
a “reverse,” retrace, or flyback path over which the electron beam
returns to its pattern-starting point. For ease of scanning, picture
daca is presented on the forward trace only. During flyback, which
is made as short as possible, the electron beam is blanked out to
prevent contamination of the image display. Despite the circular
tube shape all the scanning lines are shown of equal length in order to
ease the requirements on the scanning generator.

From the viewpoint of utilizing as much as possible of the scanning
time for picture presentation the horizontal linear scan of Fig. 2-la
is poor. On the other hand, it provides maximum utilization of the
tube face. Notice that an alternative system would shrink the

1 Noncircular cathode-ray tubes have been built but they were not available
commercially until the latter part of 1949. Tubes of this type were used by the
Columbia Broadcasting System in receivers developed for their sequential color
television system. These tubes had an end shape approximately rectangular
with slightly rounded corners. See, for example, P. C. Goldmark, J. N. Dyer,
E. R. Piore, and J. M. Hollywood, “Color Television” Part I. Proc. IRE, 30, 4
(April 1942). See also, P. C. Goldmark and R. Serrell, “Color and Ultra-High-
Frequency Television.” Proc. I1st National Electronics Conference, 182 (October
1944).
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|- ENLARGED
PICTURE
AREA
@) (b)
Fig. 2-1. Scanning a circular area. Fig. 2-2. Anenlarged image may
(a) Linear horizontal scan. (b) Spiral be obtained by expanding the sweep,
scan. but only with the loss of a large por-

tion of the picture.

scanning pattern so that it lies entirely within the limits of the tube
face, in which case all of the sweep time is utilized, but part of the
fluorescent screen is lost. In effect, then, we may trade time uti-
lization for space utilization. These two alternative schemes are
illustrated in Fig. 2-2. 1t may be seen that the smaller scan results
in a square or rectangular picture shape, which will be discussed later
in this section.

We have just seen that the linear horizontal scan of a circular
image is wasteful of large intervals of scanning time. Consider a
second alternative, the spiral scan. Here the entire scan may be used
for display. Hence it appears that the spiral scan is satisfactory
on this basis. But other questions arise, such as: Can this scanning
pattern be generated without too much difficulty, and what, if any,
are its disadvantages?

In answer to the first question assume that a CRT employing
electrostatic deflection is used. Figure 2-3 shows the circuit diagram
of one type of circuit which will provide the necessary voltages to
generate the spiral. In the diagram the center-tapped input trans-
former with Ry and C, constitutes a phase shift network which feeds
sinusoidal voltages in quadrature to the grids of 17y and V5. If, for
the moment, the screen grids are held at a constant voltage, the
amplified grid voltages will cause the electron beam to follow a circu-
lar path on the cathode-ray tube screen. If the screen voltages now
be varied in a saw-tooth manner as shown in the diagram, the amplifi-
cation of each stage will change with the screen voltage. This means
that the electron beam follows a circular path of increasing radius or a
spiral.
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Fig. 2-3. Circuit for generating a spiral secan on an electrostatic
defleetion cathode-ray tube.

The number of revolutions in the complete spiral is determined by
the relative periods of the two wave forms, the sinusoid « and the
saw-tooth b. For example, if the rise time of the saw-tooth is 1
millisecond and the period of the sinusoid is 10 microseconds, the elec-
tron beam will complete 100 revolutions as it moves radially from
the center to the outer edge of the screen.

The cireuit just described, although practical from the point of view
of circuitry, has a prime disadvantage, which is the result of the
nonconstant linear velocity of the scanning beam. The same sort of
problem exists in the making of phonograph records. Since the
angular speed (or speed of rotation) remains constant, the linear speed
increases as the spot moves away from the center of the sereen.  On
the cathode-ray tube this means that in the regions near the tube
center where the linear velocity is low, the fluorescent screen is
excited for a longer interval than are the outer portions of the screen
where the electron beam is moving faster.  This results in a spurious
brightness modulation of the screen, which shows up as maximum
brightness in the center and tapers off lincarly to the edges. Com-
pensation of the center brightness may be accomplished by applying
a saw-tooth voltage to the control grid of the cathode-ray tube, which
gradually raises the grid voltage as the scanning beam moves outward
on the screen. Compensation of this type is difficult to accomplish,
however, because of difficulties in property combining the correcting
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voltage and the incoming picture signal voltage, which also must be
applied to the control grid of the CR'L.

This disadvantage alone is sufficient to rule out the circular picture
and spiral scan for most practical purposes. Some further objection
has been raised that the circular shape is not pleasing on aesthetie
grounds.  Probably the greatest single factor which caused elimi-
nation of a circular shape is that the einema industry has standardized
on a horizontal reetangle.  Thus any television system which has
hopes of using motion pictures as a source of program material is
foreed to climinate the circular shape on the grounds that approxi-
mately 40 per cent of the pieture information would be eliminated.

Two other picture shapes remain for discussion—the square and the
rectangle. If a rectangle is inseribed in a civele it may be shown
quite easily that its area will be maximum if it is a square; henee, of
the two shapes the square gives better utilization of the circular tube
face. [urthermore, scanning problems are minimized in a square
picture and the simple horizontal linear scan shown in Fig. 2-1a may
be used. Although this form of picture may be satisfactory for
certain industrial or military uses, once again if moving pictures are
to be used as program material, it must be ruled out because of loss of
program material. 1t is of interest to note, however, that in several
systems, designed specifically for naval and military use, the square
picture shape has been rejected for the more common shape of the
telecasting standards to be described.

The square may also be excluded on aesthetic grounds for, as Van
Dyck? has pointed out, a rectangle of width-to-height ratio equal to
unity is not “powerful”” or “pleasing.”  Whereas this last reason for
excluding the square is open to eriticism on subjective grounds, at
least the demands on a eommercial telecasting system to transmit
moving pictures makes the decision final for that type of service.

The remaining picture shape to be discussed is the rectangle, and
although there are an infinite number of possible width and height
combinations, it seems reasonable to choose those of the motion
picture industry. Considerable argument has been put forth for this
choice for ecommereial telecasting,® but the fact still remains that

2 A, Van Dyek, “Dynamic Symmetry in Radio Design,” Proc. [RE, 20 (9),
1481 (September 1932),

3D. G. Fink, ., Television Standards and Practice.  New York: MeGraw-Hill
Baok Company, Ine., 1943,
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agreement with the cinema industry is advantageous to a new in-
dustry which must rely to a large degree on the relatively inexpensive
and good-quality program material available on film.

It shall be assumed, then, in the rest of this book that the horizontal
rectangle of width-to-height, or “aspect,” ratio 4 to 3 is the standard
of picture shape which gives a pleasing picture and is capable of
handling all normal programming requirements.

9-92. An Estimate of the System Bandwidth

In order to diseuss intelligently certain other standards we shall
digress at this point to develop an approximate cquation for the
bandwidth required to transmit a television signal. It must be
stressed that the following derivation is approximate and is based on
rather erude assumptions. Its use is justified, however, because it
does show exactly how bandwidth is related to the number of scanning

lines and the rate at which the pictures

JANVANNAWFAN are transmitted.
M In Iig. 2-4 is shown a checkerboard

pattern composed of alternate squares
of black and white. Assume that this
pattern is scanned by an aperture
h  which is infinitesimally narrow but of
l the same height as the individual

o »wh N -

squares in the checkerboard. Assume

- further for the moment that the ap-

w——! erture is in perfect vertical alignment

with the rows of squares, moves with

Fig. 2-4. The cheekerboard constant velocity from left to right on

pattern. row 1, returns in zero time from right

to left, and then continues the scan on

row 2 and so on. Under these conditions, the generated signal would
be a square wave.

Now let N, = number of elements along a vertical line,
N, = number of clements along a horizontal line, and
f, = frame frequency or number pictures scanned per
second.

l—
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h

Then the number of eveles of square wave generated per picture is
3NN



§2-2] PICTURE STANDARDS 19

If it be further assumed that this square wave may be represented
by its fundamental component, the frequency f, of this component
becomes

Jo = INNuf, (2-1)
and since N» = AN, for the checkerboard, A being the aspect ratio,
Jo = 3ANY, (2-2)

Under the assumed condition that the aperture height is the same
as that of the squares in the pattern, N, is equal to n, the total num-
ber of lines in the scanning pattern, and we may rewrite (2-2)

Jo = A%, (2-3)
Now it will be realized that eq. (2-3) has been derived under an ideal
condition because we assumed the scanning aperture to be in perfect
vertical alignment with the rows of squares in the checkerboard

pattern. Under this condition the reproduced image would be identi-
cal to the original image as shown at @’ in Fig. 2-5; in general however,

o
o[ °C

a’ b’
Fig. 2-5. Effect of aperture alignment on reproduced detail.

this ideal alignment will not occur and detail will be lost in the image
because of it. For example, let us assume that the aperture is so
much out of alignment that it just straddles two adjacent horizontal
rows in the checkerboard, as shown at b in the figure. Then, since
the aperture responds to the average brightness of the area which it
covers, it will interpret the entire checkerboard as 50 per cent gray,
and no detail would be reproduced as illustrated at b’. Between these
two extremes of perfect and zero reproduction of detail lie any number
of possibilities. It is evident, then, that eq. (2-3) obtains only in the
ideal case. It has been customary, therefore, to introduce an empiri-
cal factor K, the utilization coefficient, into the equation to allow for
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the inevitable misalignment between the aperture and scanned ma-
terial. For the general case, then, the expression for the maximum
video frequency should be rewritten

fo = YK AR, @-4)

Kell, Bedford, and Trainer have recommended a value of 0.64 for the
coefficient on the basis of resolution tests and this value has been
widely accepted throughout the industry.

It must be realized that the checkerboard described above, where
square and aperture heights are equal, represents the top limit of the
system. Thus f, in (2-4) is the maximum video frequency. For
larger elements in the picture, f, will be lower, and in the limit the
average brightness of the entire field of view shows up as a d-¢ com-
ponent. Thus the bandwidth of the system extends from zero fre-
quency to f,. Hence (2-4) is also an approximate relationship for
the bandwidth of the system.

It must be admitted that eq. (2—4) is an approximation only. We
shall see in Chapter 10 that the checkerboard pattern is a poor choice
to test the resolution of a television system. Its use here is justified
on the grounds that it is a pattern which has equal vertical and
horizontal resolution: the ratio of elements on a horizontal line to
those on a vertical line is identical to the aspect ratio. Furthermore,
we assumed an infinitesimally narrow scanning aperture, a condition
which eannot be fulfilled in practice. Nevertheless, eq. (2-4) is of
value because it shows how the bandwidth required for transmitting a
television signal is related to the number of scanning lines and to
the frame frequency.

With eq. (2-4) the digression is complete: an equation has been
derived giving an approximate expression for the bandwidth of a
video system which is proportional to n* and to f,, the picture repe-
tition frequency. Some feeling for the order of magnitude of the
quantities involved in television practice may be had by direct sub-
stitution into eq. (2—4). Thus a 500-line system sending 30 pictures
per second requires an approximate video bandwidth of

0.64

fo= 3 (%) (500)%(30) = 3.2 megacycles. (2-5)

+R. D. Kell, A. V. Bedford, and M. A. Trainer, “An Experimental Television
System,” Proc. IRE, 22, 11, 1247 (November 1934).
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Notice also that a 4:1 reduction in bandwidth may be obtained by
asing only 250 scanning lines, but the resolution or detail in either
the horizontal or vertical direction would be reduced by two.

2-3. Speed and Direction of Scan

In choosing the horizontal rectangle as the standard picture shape
it is assumed that the picture will be scanned in straight parallel
lines. Four additional requirements on the scan are of concern here.
First, regardless of its direction the sean must proceed with a constant
linear velocity. This is necessary if the resolution is to remain con-
stant over the entire picture area. Stated in other terms, constant
linear velocity of scan permits equal fineness of detail in all parts of
the picture. That this is a desirable condition may be seen from the
following consideration: It is well known that the light-sensitive area
of the eye, the retina, is made up of bundles of rods and cones. Since
these are of small, yet finite, size the ability of the eye to resolve or
separate two dots under view is limited. Ixperiments tend to indi-
cate that on the average the eye can distinguish the two dots as being
separate if they subtend an are of one minute® or more. In the
reproduced television picture, the information is presented in the form
of small areas, each of constant brightness. Hence the viewer has a
tendency to adjust his viewing distance until adjacent areas blend
into a continuous picture. This distance will depend, of course, upon
the element separation in the picture or upon its resolution. Thus
if different areas in the picture have different resolutions, the viewer
tends to increase his viewing distance to render satisfactory the poorer
parts of the image. This results in loss of detail in the higher quality
regions and so the “best” parts of the picture are wasted in a sense.
This sort of reasoning justifies the demand for constant linear velocity
of scan.

Consider the second additional requirement on linear scan, namely,
that it shall be unidirectional. More specifically it is meant here that
picture data shall be presented only as the aperture moves in one
direction and not in the reverse direction also. The reason for this is
primarily one of cireuitry. For example, if a device employing elec-
trostatic deflection of the electron beam is used, a more complex
deflection voltage is required for a bidirectional scan. Figure 2-6

5 K. W. Engstrom, “A Study of Television Image Characteristics,” I’rec. IRE,
21, 12, 1631 (December 1933).
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Fig. 2-6. (a) Deflection voltage for unidirectional sean. (b) De-
flection voltage for bidireetional scan.

shows the deflection voltages required for unidirectional and bi-
directional types of scan. At a the former is shown. Picture data
is presented only during the scan intervals ., 77, the flyback interval,
being used to return the aperture to its starting position. During 7,
the voltage must build up linearly with time to provide constant
resolution. During 7;, on the other hand, the voltage may follow
any mathematical function of time just so long as it reaches its initial
value at the end of 7,. At b the bidirectional scan requirement is
shown. During both 7, and 7, the deflection voltage must change
linearly with time, once increasing and then decreasing, i.e., the
deflection voltage must be an even function of time. It may be seen
that the requirements in the former case are less severe. Furthermore
considerable difficulty is encountered in building circuits to meet the
requirements of linearity during 7. in curve . Generation of the volt-
age shown at @ may be accomplished by the use of a series R and C
circuit and is discussed in Chapter 4. A further disadvantage is
present with the bidirectional scan in that an overlapping of adjacent
lines, which have finite width, occurs at the edges of the scanned
pattern.

The third consideration relative to the linear scan is its direction.
Clarification is required here because actually two directions of scan
are involved. A moment’s reflection will show that if a moving
aperture is to cover the entire area of the rectangular image, it must
move in two directions. The assumption has been made in the dis-
cussion thus far that the aperture moves with constant velocity along
a “line,” returns to the picture edge corresponding to its initial posi-
tion and scans another “line”’ parallel to the first, separated from it
by the dimension of the aperture normal to the “line.””  The question
here, then, is shall these scanning lines be horizontal or vertical as
shown in Fig. 2-7a and b, respectively? Actually the horizontal
direction has been chosen as standard, first, because it conforms to
the direction of writing English, and, second, because there is a feeling
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(a) (b)
Fig. 2-7. Types of sean. (a) Horizontal. (b) Vertical.

in some quarters that the horizontal scan is better able to reproduce
motion, which is predominantly horizontal rather than vertical, in
typical televised scenes.

The fourth consideration pertaining to the linear scan is its sense,
le., shall the aperture during the scan interval move from left to
right or vice versa. No technical advantage is at stake in the selec-
tion to be made here, and again the “natural’’ choice seems to be to
conform to the direction of writing English. Hence the standardized
scan senses are from left to right and from top to bottom of an up-
right reproduction of the image televised.® The last clause may seem
to be superfluous but it is necessary because in the pickup end of the
system an optical image of the scene is thrown on a photosensitive
surface by a lens. This image is inverted relative to the physical
world and, hence, must be scanned from right to left and from bottom
to top in order that scanning conform to the standard.

Two other questions inevitably arise relative to scan at this point.
The first is: What shall be the flyback ratio defined by
7; _ retrace or flyback time

= flyback io = =% -
P VIS IEN Ts trace or scan time

(2-6)

where 7; and 7, are the intervals shown in Fig. 2-6a? The second is:
What shall be the number of lines, which in the final analysis deter-
mines the resolution of the entire system? Both of these questions
more properly relate to the requirements of the particular television
system under consideration and as such are treated in another sec-
tion. For the moment we may at least say that p should be as small
as practicable in order that a minimum of time be lost from the
scanning process.

¢ Tt is interesting to note that Fink reporting on the deliberations of the Na-
tional Television Systems Committee, which set up the proposed standards for
commercial television service for the Federal Communications Commission, states

that the sense of scan, in contrast to several other standards, was adopted unani-
mously. D. G. Fink, op. cit., p. 195.
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These scanning standards may be summarized as follows: The
active picture area shall be scanned in parallel lines, horizontal (or
nearly so) and from left to right. The sequence of lines will be from
top to bottom of an upright picture image. The scan in both hori-
zontal and vertical directions shall be at a constant speed.

9-4. The Frame Frequency or Picture Repetition Rate’:®

Thus far in the discussion it has been shown that the picture infor-
mation of the television picture is built up element by clement until
the entire field of view has been supplied with brightness information.
Such a single scan of the entire picture arca may be called a “picture”
or a ‘“frame.”  The latter notation, which is more commonly used, 1s
derived from moving picture terminology, wherein a single complete
picture in the series of pictures on the film is termed a frame. It has
been shown further that these pictures or frames are then presented
in sequence at a rate sufficiently high, such that the resulting picture
satisfies the requirement for fusion of all the clements into a smooth
picture, for reconstituting motion in the original scene, and for un-
noticeable flicker. It remains at this point to investigate the factors
that control these considerations.

At the outset it must be stressed that the disagreement between
standards for industrial or military applications on the one hand, and
for commercial telecasting on the other may be considerable. In
setting up the requirements for the commercial system® the criterion
for “satisfactory operation” is the performance of the 16-millimeter
sound moving picture system. In the former applications perform-
ance below this par may be tolerated and, in fact, may be mandatory
in order that other requirements such as system simplicity, light-
weight components, and minimum cost (where equipment life may be
relatively short)!® may be met.

7 1. W, Engstrom, op. cil.

815, W. Engstrom, “A Study of Television Image Characteristies,” Part II.
Proc. IRE, 28, 295 (April 1935).

s It should be mentioned that the remarks of this seetion apply to the standard
commereial black-and-white television system. Developments have been made
in eolor television systems and in the so-called “dot-interlace” system of trans-
mission which permit frame frequeneies considerably lower than 24 per second
to be used without adverse effeet on the reprodueed picture,

10 [ the “Roe Bird” a miniature pickup and transmitting system is mounterd
in & bomb. The entire airborne system weighs but 50 pounds and is blown up

at the end of the flight. See R. D. Kell, and G. C. Sziklai, “Miniature Airborne
Television liquipment,” R.C.A. Rer., VIII, 3 (September 1946).
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Thus, since the 16-mm movie uses 24 frames per second as the
frame, or picture repetition frequency, f,, this value sets the lower
limit for the commercial telecasting system. Henee, J» > 24 frames
per second and it need only be determined what the actual value shall
be. T'or the more general case, however, some investigation must be
made as to the factors which place a lower limit on Jo- Trom the
viewpoint of reproduction of motion, it has been determined that
the eye sees no discontinuity of motion if the frame frequency exceeds
16 pictures per second. This low value of f, is generally unsatis-
factory because of the accompanying flicker. Hence we now con-
sider flicker which is the first of these factors to be discussed.

If a beam of light of constant intensity be interrupted at a variable
rate, it may be shown experimentally that above a certain minimum
interruption frequency the eye responds as if it were receiving the
light stimulus continuously. Under these conditions the separate
stimuli arrive at a rate which is high enough for the eye to integrate
the intensity over a complete cycle, and the effect is just as if a source
of constant intensity were shining continuously. At frequencies
below this critical value the eye is unable to so integrate the infor-
mation; it sces the instantaneous variations. 1n this case flicker is
said to be present and the frequency at which crossover between the
two effects occurs is known as the eritical flicker frequency.

If, now, the same experiment be performed at different levels of
source intensity, it is found that the eritical flicker frequency varies
with the logarithm of the illumination intensity.  This is a statement
of the Ferry-Porter law and is illustrated in IYig. 2-8.  Data for these
curves were taken by Ingstrom by having several observers view the
image of a light source focused on a sereen, the light beam being
chopped by the rotating disk shown in the diagram.

If these results are to be related to television the immediate
question is this: To what angle of disk opening, b, does the television
system correspond? In the absence of a complete set of standards
this question cannot be answered rigorously at this time. Some
order-of-magnitude conclusions may be drawn, however. Consider-
ation of the scanning pattern previously proposed shows that after a
complete frame has been scanned, the scanning aperture must return
to its starting point at the top left-hand corner of the picture. A
finite time is required to accomplish this retrace, or flyback, in the
vertical direction. Irom considerations that will become apparent
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Fig. 2-8. Critical flicker frequency measured with a slotted disk.
(Courtesy of Proc, IRE.)

later in our work, this vertical flyback ratio, p,, which is defined in
(2-6) is generally of the order

Py = 0.05

That is to say that the ratio of retrace to trace time is 0.05. Since
the electron beam is “blanked out’ during retrace to prevent con-
tamination of the picture, this means that the eye sees light for
approximately 95 per cent of the frame interval which corresponds
to a disk opening of approximately 340° in Fig. 2-8. It would
appear, then, that a 340° opening curve could be used for deter-
mining the critical flicker frequency. As a practical matter this
guess does not correspond to the facts because the type of flicker
generated in Engstrom’s test does not correspond to that present
in the television system. Despite this fact, which will be expanded
presently, the curves of Fig. 2-8 do show, first, that the Ferry-Porter
law obtains and, second, that if the screen viewed during the test were
located in an ambient light level other than zero, the same results
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would hold true, provided the abscissas were interpreted as apparent
illumination, i.e., the difference between the illumination of the test
screen and the ambient level of illumination.

In the preceding paragraph it was stated that the flicker present
in a television image and in the test previously described are different.
This is easy to see when the two systems are compared even in the
most elementary respects. First, in the test for almost the entire
slot width b, the whole screen is illuminated uniformly. On a CRT
screen, on the other hand, only a few elements are illuminated at a
time as the spot traces out its pattern of straight, parallel lines. Note
the difference then: Kntire screen illumination during the unblanked
scan time as compared to partial screen illumination—with the illu-
minated area moving so as to cover the entire field of view in the
unblanked scan time.

As might be expected, in the latter case where the conditions are
more severe, a higher value of critical flicker frequency obtains. Thus
a curve corresponding to a light opening of considerably less than
340° in Fig. 2-8 more closely approximates the actual conditions that
exist in a television system.

An additional factor aids the retina in integrating the image over
the scan period and that is that the illumination of an excited phos-
phor on a CRT tends to persist; it decays exponentially after the
excitation is removed rather than dropping to zero instantaneously.
Realizing this, Engstrom has conducted additional tests to measure
the flicker threshold on an actual cathode-ray tube. The results of
this test are given in Fig. 2-9, which shows ecritical flicker f requency vs.
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Fig. 2-9.  Critical flicker trequency for a cathode-ray tube. (Cour-
tesy of Proc. IRE.)
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apparent illumination on the kinescope. The persistence charac-
teristic of the cathode-ray tube used for the test is shown in Fig. 2-10.

In applying I'ig. 2-9 to any television system, it must be realized
that any curve is not absolute; it may be displaced vertically, depend-
ing on the persistence characteristic of the particular fluorescent
material used on the viewing screen.  The curves of IFig. 2-9 and 2-1¢
are typical, however, for the P4 screens commonly used for television
service.

We are in a position now to decide on the value of flicker frequency
for the television system. The choice is inevitably dependent upon
the level of apparent illumination required. In the lack of a better
criterion we may turn to the 16-millimeter sound moving picture
system for a guide. Goldmark! has presented the following data:

Levels of Illumination for 16-millimeter Movies
A pparent illunmination

Condition on 3-ft wide screen
No film in gate 10 foot-candles
Clear film in gate 8 foot-candles
ligh lights in color film 4 foot-candles
100 T
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Fig. 2-10. Persistence characteristic of the cathode-ray tube screen
used in obtaining the data for Fig. 2-9. (Courtesy of Proc. IRE.)

1 P, C. Goldmark, First Lecture in the Series Modern Television, New York
Section IRE (Fall 1948).
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Using these figures as representative, reference to Fig. 2-9 shows that
a flicker frequency of some 45 “flicks” per second are needed. Yet
the 16-millimeter movie system displays only 24 frames per second.
The discrepancy between these two figures of a factor of about 2 to 1
may be explained by a simple device that is used in the movie pro-
jectors.

In the first place, movie flicker is of the type given by the slotted-
disk test described previously. Thus a lower value than that for the
television system is permissible, but at any rate, it will be greater than
the 24 frames per second displayed by the 16-millimeter sound movie
system. As we have scen, this figure is perfectly satisfactory for
reconstituting motion in the scene and presents enough footage of ilm
for satisfactory sound reproduction. Thus raising the frame fre-
quency to meet flicker requirements would result in the use of greater
lengths of film with little improvement of the picture (except, of
course, with regard to flicker). To obviate the need for this waste of
film, a rotating slotted disk, not unlike that of Fig. 2-8 is incorporated
in the projection system. The bislotted disk revolves once in the
time that each frame is in the film gate. Thus, light is projected
twice onto the screen through cach film frame, and the 24 frames per
second on the film appear as 48 “flicks” per second on the screen.
In this manner the flicker frequency for the cinema is raised well
above the threshold value.

But the objection might well be raised that all this talk is about a
moving picture system; how does it tic in with television? Tollowing
this line of thought, it seems that it is only necessary to refer to
rig. 2-9 to determine the critical flicker frequency corresponding to
the apparent illumination required by the given application, and to
choose the next higher, convenient value of frequency as the frame
frequency for the television system. The objection to this procedure
is furnished by reference to equation (2-4) which shows that the
bandwidth of the video system is directly proportional to f,, the
frame frequency. It is in the interest of bandwidth economy, then,
to choose a frame frequency as low as possible. A compromise is
indicated: f, must be chosen to effect a balance between video band-
width on the one hand, and unnoticeable flicker on the other. The
compromise depends upon the requirements of the particular tele-
vision system being designed.

At this point the 2 to 1 flicker-frame relationship described for the
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moving picture projector seems intriguing. 1f a similar device could
be adapted to the television system, a 2 to 1 saving in video band-
width could be effected with no degradation of the flicker charac-
teristic. Because of the sequential manner in which the picture
information is presented on the CRT it is impossible to incorporate a
rotating slotted disk as described above. It remains, then, to see if
some alternate mechanism can be proposed which will achieve the
same result.

In 1931 U. A. Sanabria? proposed a system of interlaced scanning
that effectively gives two vertical flyback and blanking periods during
the presentation of a single frame which accomplishes the same over-
all result. Figure 2-11 shows a number of lines covering the picture

,T,:'O‘WONU’U'LLJN

Fig. 2-11. Position of an arbitrary number of scanning lines.
Progressive scan results if the lines are scanned in order from top to
bottom. The sequence 1, 3, 5,7, 9, 11, 2, 4, 6, 8, 10, 12 is used in
interlaced scanning.

area. These lines are scanned in a “progressive’”’ scan of the type
already described, in the order of the numbers shown, ie,1,2,3,- - -,
from top to bottom. At the end of line 12, the spot retraces vertically
during the vertical blanking interval back to its starting point on
linel. As the name implies, in the interlaced system of scanning, two
sets of lines, which interlace each other, are scanned alternately.
Thus, for example, in Fig. 2-11 the scanning sequence would be
1,3,5,7,9, 11 retrace to the beginning of line 2 with the beam blanked
out, then lines 2, 4, 6, 8, 10, 12 and retrace with the beam blanked out
to the beginning of line 1.

If this interlaced scanning sequence is carried out, each picture is
scanned in two interlaced halves composed of alternate lines with two

12 J. A. Sanabria, U. S. Patent #1805848, March 1931
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blanking intervals, and the desired flicker-to-frame frequency ratio
of 2 to 1 is accomplished. Each half-picture which is composed of one
set of alternate lines is termed a ‘““field” and the field frequency, fj, is
seen to be twice the frame frequency, where a 2 to 1 interlace of 2 fields
to a frame is used.

Use of this interlaced scanning pattern imposes more severe restric-
tions on the scanning systems and, as will be seen in Chapter 3,
demands that the sum of the active scanning lines plus the inactive
lines lost during the vertical retrace intervals be an odd number.

A critical examination of the flicker present in this interlaced
scanning system shows that actually two flicker effects are present.
The first or “over-all effect” is the result of each line flickering at the
rate of once per frame. The second is the “interline effect,” caused
by adjacent lines flickering in a time relationship differing by one field
period. These two effects were also the subject of a series of tests
performed by Engstrom. Again resorting to tests employing a ro-
tating disk slotted in a different manner (Fig. 2-12), he was able to

Fig. 2-12. Special disk used by Engstrom for interlaced seanning
flicker tests. (Courtesy of Proc. IRE.)

draw some general conclusions. The interlaced scan pattern does
minimize flicker, but the viewing distance must be increased over that
required with progressive scan in order to minimize the interline
flicker. Once again, the hangover or persistence characteristic of the
CRT phosphor aids in creating the illusion of a fused picture and the
interlaced system has been adopted as the commercial standard in
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the United States of America. It must be stressed, however, that it
need not be used; the interlaced sean pattern may be used where the
2 to 1 saving in bandwidth for a given flicker and illumination require-
ment is desirable at the expense of a more complex system.!

Summarizing, it appears that the choice of frame frequency is
contingent upon a number of factors, all peculiar to the particular
television system under consideration; screen illumination, flicker
requirements, bandwidth, and permissible degree of system com-
plexity. We digress on additional requirements peculiar to com-
mercial telecasting.

It has been pointed out repeatedly that agreement between cinema
and commercial television standards wherever possible is highly
desirable from the programming viewpoint. It seems reasonable,
then, to standardize the frame frequency at 24 frames per second
which is common to both 16-mm and 35-millimeter moving picture
systems. This with a 2 to 1 interlaced scan would place the flicker
frequency at 48 flicks per second. Reference to Ig. 2-9 shows that
this choice would permit operation at levels of apparent illumination
up to some 10 foot-candles. Unfortunately other factors must be
taken into consideration. Ioremost among these is the effect of
power supply ripple frequency on the scanning pattern.™*

Probably one of the most objectionable defects in a televised image
is unsteadiness. On this basis, we may investigate some of the un-
desirable effects caused by spurious modulation of the scanning
pattern produced by power supply ripple voltages. Since commercial
standards are based on an interlaced scanning geometry, let us deter-
mine what effect, if any, these ripple voltages will have on an electro-
static deflection system operating at 24 frames, 48 fields per second.
As a specific example, we shall consider what happens to the hori-
zontal scanning lines.

It must be realized at the outset that if ripple components appear
on the horizontal deflecting plates of the cathode-ray tube, spurious
sidewise displacements of the scanning lines will occur.  Assume for

13 The military systems previously mentioned illustrate this point. In the
Ring system where the pickup equipment is carried in a bomber, a 2 to 1 interlace
is used. The Block systems which enjoy a comparatively short life in a guided
missile use the simpler progressive sean.  See V. K. Zworykin, “Flying Torpedo
with an Eleetrie Eye,” R.C.A. Rer., VII, 3 {September 1946).

1R, D. Kell, A. V. Bedford, and M. A. Trainer, “Secanning Sequence and
Repetition Rate of Television Images,” Proc. IRE, 24 (4), 559 (April 1936).
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illustration that a half-wave rectifier operating from a 60-cycle line is
the voltage source for the circuit. Then the fundamental ripple
component will modulate the lateral positions of the scanning lines at
a frequency of 60 cycles per second. Since in the 24/48 frame-field
system proposed each field has a duration 17 of 1/48 second, the
number of spurious ripple cyeles per field will be

0 _ 1.25 eycles/field 2-7)

No. of ripples/field = S)_S

The result of this spurious deflection of the scan pattern is shown in
Fig. 2-13, where the lines of field 17 are displaced vertically so that

[

60 _
(145 SECOND EACH) RIPPLES /FIELD = 35 =1.25

Fig. 2-13.  Spurious line deflection duc to 60-cyele ripple in a
24/48 interlaced scanning system.  Any line moves horizontally
between alternate fields.  (After Kell, Bedford, and Trainer.)

their positions may be seen. Since the field and ripple frequencies
are not integrally related, the envelope of the line positions for field 1
and 1’ (and for fields 2 and 2’ for that matter) are not the same. This
means that a given line in alternate fields will occupy different posi-
tions causing an objectionable unsteadiness in the final image. Just
how objectionable this effect will be depends, of course, upon the
magnitude of the spurious deflection. A simple calculation will show
that if the envelope amplitude is 25 per cent of the interline spacing,
the maximum change of position of a single line is approximately
100 mils on a 10-in. CRT. This value may cause considerable
degradation of the picture. A quick estimate of the situation shows
that remedial measures may follow two avenues. I irst, the ripple
voltage may be reduced at the expense of adding more filtering to the
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power supply, or second, the frame and field frequencies may be
increased so that they are related integrally to the power line fre-
quency. An increase rather than decrease in these frequencics is
necessary in order that flicker requirements may be met, but the price
to be paid is an increase in video bandwidth. Other factors tend to
favor a choice of the latter alternative and in telecasting the 30 frame-
60 field per second values are chosen as standards.

If ripple voltage is present in the display equipment, it will prob-
ably also appear on the control grid of the kinescope. Its effect here
will be to produce dark horizontal bars across the face of the televised
picture. Furthermore in the 24/48 frequency system, these bars will
move downwards across the face of the picture. A change to a
30 frame-60 field system will not eliminate the bars but at least they
will remain stationary.

Since line position modulation and the bar pattern described above
may be minimized by additional filtering and shielding, let us next
consider an effect completely independent of ripple within the tele-
vision equipment. The tendency over the post-war period has been
to a larger number of remote pickups at points other than the tele-
vision studio. At these remote locations direct current is virtually
never encountered. Since all light sources operating from a-c sources
have a stroboscopic effect, hum signals are picked up by the television
camera tube. If of sufficient amplitude, these may produce dark bar
modulation which moves vertically on the screen when the light
source and field frequencies differ. With the 30/60 frequency stand-
ards the dark bars remain stationary.

It must be realized that only a few of these ripple effects have been
mentioned. A more complete analysis such as that presented by
Kell, Bedford, and Trainer must take additional account of spurious
vertical deflection of the scan lines or “pairing,” spurious effects as a
result of higher ripple frequencies, and the like.  All these consider-
ations point to the adoption of a 30 frame-60 field system as opposed
to the 24/48 system of the cinema industry. The disagreement be-
tween these two systems is unfortunate for it requires a conversion of
the 24 movies frames per second into 30 frames per second for the
television system when film is televised. This conversion may not
be accomplished by simply increasing the film speed in the ratio of
5 to 4, for motion would be speeded up with the humorous effect
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of films of the 1920’s run in modern projectors.”® Since the sound
track is on the same film as are the pictures, the increased speed
would cause improper sound reproduction. How the conversion of
film to television standards is accomplished without speed-up of the
film is covered in Chapter 17.

Care should be taken to realize that adoption of the 30 frames and
60 fields per second does not eliminate the various ripple effects
discussed, but it does minimize them. Because of the 1 to 1 relation-
ship between supply and field frequencies, the envelope of the spuri-
ous line deflection has only 1 cycle per frame and the result is shown
in Fig. 2-14. Notice that here the field-to-field motion of any given

e

N
t

1 2

FIELD
(Vo SECOND EACH)

-0
RIPPLES/FIELD = &0

Fig. 2-14. Spurious line deflection due to 60-cycle ripple in a
30/60 interlaced seanning system. Field-to-field motion of the
lines is eliminated. (After Kell, Bedford, and Trainer.)

line in the scan pattern is eliminated. TFurthermore, the maximum
peak-to-peak motion of a line is replaced by a fixed peak displacement
from the normal of about 50 mils for the same conditions assumed in
the previous example.

Whereas the discussion above was carried out for the commercial
system which employs interlaced scan, it must be emphasized that a
similar treatment will show that an integral relationship between
power line and frame frequencies in a progressive scan results in the
same sort of improvement.

In summary a balance sheet may be prepared comparing the two
systems of standards.

15 The old silent, films were taken at 16 frames per second. The playback speed
was from 16 to 30 frames per second depending upon the whim of the projectionist.
The advent of the sound track made rigid adherence to a constant speed of 24
frames per second (90 feet per minute) mandatory.
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24/ 48 system 30/60 system
Power line frequeney 60 ¢ps 60 eps
Spurious line deflection Yes Yes
Spurious horizontal line motion Yes No
Spurious vertical deflection Yes Yes
Spurious vertical line motion Yes No
Black bar pattern Yes Yes
Motion of bar pattern Yes No
Flicker Satisfactory Satisfaetory

24

Bandwidth Af iAf

In retrospeet it is interesting to consider the verisimilitude of the
assumption of a 60-cvele power line frequeney which was made in
the foregoing discussion. This is standard for most of the United
States with two principal exceptions.  Generation of power in the
Niagara Talls section is at 25 eyeles per second.  St. Louis and
certain parts of Metropolitan New York enjoy this distinction also,
but in the latter region the service is being converted to 60 eyveles per
second, except for industrial loads. In large areas of California
where the frequency is locked in with adjacent 60 evele areas 50
cveles has been standard.  In none of these regions would adoption
of the 24/48 standards give improved service over the 30/60 system.



CHAPTER 3
SCANNING METHODS

We have seen in the previous sections that the scanning process is
basic in television, that picture transmission requires that some sort
of sampling aperture be made to move across the entire picture area
in some orderly, predetermined fashion. Furthermore, in setting up
means of determining the picture standards we confined the dis-
cussion to receiving-end terms where a cathode-ray tube was as-
sumed to be the display device. This led to the general notion that
scanning involves the deflection of an electron beam. The immediate
question, then, is whether or not both ends of the system scan by the
same method, thus making the previous discussion of picture stand-
ards general. Now it must be realized that the present day all-
clectronic system evolved in more or less definite steps. Let us
briefly review some of the major scanning methods that have been
used for television transmission over a period of the last twenty years.

3-1. Mechanical Scanning

In 1884 P. Nipkow proposed a mechanical means of scanning an
image which involved the use of a rotating disk. The development
of this scanning device may be deseribed on the following basis. If
an area wh is to be scanned in its entirety by a single aperture, that
aperture must be made to move in two directions. This bidirectional
motion of a single aperture may be replaced, however, by motion in a
single direction of an array of apertures which are displaced from each
other in two dimensions. T'o make this more clear, consider I%g. 3—1.
If the array of apertures, n, in number, is moved downward at a
constant velocity, the entire area wh will be scanned in a series of
vertical lines.  ('ertain restrictions on the dimensions of the scanning
array must be made so that only one of the several apertures is on the
picture area at any given instant. Irom the diagram it can be seen
that the vertieal inter-uperture distance must be equal to or greater
than h, the picture height, and if adjacent lines are to touch each

37
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other, the width, a, of the aperture must be w/n,, where w is the
picture width and n, is the number of identical apertures in the
scanning array.

It is apparent that if the picture area is to be scanned continuously,
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D Fig. 3-2. The Nipkow disk.

an infinite number of such scanning
arrays would be required. Clearly,
a compromise is indicated. One such
D _| compromise is this: let the array of n,

1 apertures be closed back on itself to
h . .
|} form a spiral and let the vertical mo-
Q N tion of the array be replaced by a ro-
tational one. This substitution results
- in the Nipkow disk, with n, apertures

arranged in a spiral, and this disk is
to be rotated at a constant angular
speed. Notice that the only change

fe—w—s] in scanning different from that of the
Fig. 3-1. A single aperture  original system is that the lines are

that moves in two directions  gections of circles whose centers are lo-
may be replaced by an array of ted at the shaft
apertures that move in one di- cated a € shalt.

rection. Given the Nipkow disk as a scanner

a simple mechanical television system
may be set up. Let a phototube be placed behind the disk. Then,
because of the scanning action of the pickup disk, the phototube
“sees” only one element of the object at a time. The amplified out-
put of the phototube is delivered by the link to a neon tube opera-
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ting in the region of abnormal 'glow, causing the total light intensity
to be proportional to the object brightness. The brightness infor-
mation is restored to its proper position in space by a second Nipkow
disk operating in exact synchronism with the first. The simple
cireuit which is shown in Fig. 3-3 represents one of the earliest steps
in the development of television systems.

The chief disadvantages of the double Nipkow disk apparatus are
more or less self-evident and are listed below.

(1) Picture size is limited by the maximum allowable disk di
mensions and the size limitations of the playback discharge tube
In the early stages of the art a 1-in. square image was typical.

(2) na, the number of lines, and hence the resolution, is limited by
the scanning-disk size.

(3) The reproducing tube does not give off white light causing the
gray scale to be replaced by shades of some monochrome.

(4) The system scanning speed is limited by mechanical consider-
ations, e.g., by motor rotation.

(5) The efficiency of the optical systems is low. In illustration of
this fifth point it can be seen that despite the high illumination of the
object being televised, the instantaneous output of the phototube is
proportional only to the illumination of the very small area framed
by the aperture.

The next principal stage of development incorporated the “flying-
spot” scan at the pickup end to increase the optical efficiency. It
may be noted that in Fig. 3-3 the televised object is under constant

NEON TUBE
OPERATING IN REGION
LIGHTS  PHOTOTUBE OF ABNORMAL GLOW
] \
/| NIPKOW ! ‘./ NIPKOW
N y DISK
LINK — /4
I
) 6o~
1

Fig. 3-3. A simple television system employing mechanical scanning.
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high-level illumination, and the phototube effectively scans across
thearea. In the flying-spot scanner, on the other hand, the televised
object is in darkness and is viewed by a battery of phototubes.
INlumination in the form of a moving light spot of high intensity is
then caused to sean across the object by a scanning disk.  As a result
of concentrating all available light on a single picture element and
using several, rather than a single, phototubes for pickup, a greater
output is obtained than in the previously deseribed system.  Refer-
ence to Fig. 3-4 shows that the prime difference between the two
svstems lies in the placement of the scanning disk relative to the
lighting source, the objeet, and the phototube.  In the earlier system,
the scanning disk lies between the illuminated object and the trans-
ducer. In the flving-spot scanner, the disk is between the light
source and the object.  In the interests of even greater optical ef-
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OBJECT‘

\l/
Fig. 3-4.  Flving spot scanning. Fig. 3-5.  Mirror seanner.

ficiency, the Nipkow disk was later replaced by a revolving drum
with lenses over the individual apertures.

It must be realized that in this same period of development several
other mechanical systems of seanning at both pickup and reproducing
ends were developed.  As an example, a rotating mirror scanner is
shown in IMig. 3-53. Here the spot of light is made to scan the image
by rotating a drum of tilted mirrors, each having a tilt which gives a
scanning line at a height different from all the others. Ifor our
discussion little advantage is to be gained by reviewing the details of
each system, for all agree in the essentials. It should be mentioned,
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however, that the Scophony!?3 system, involving double rotating
mirrors whose axes are normal, was used—though primarily in
Europe—for reproducing the image. Its chief advantage lay in its
ability to project relatively large images at the receiving end. The
principal components of the Scophony apparatus are diagrammed in
Fig. 14-35.

3-92. Development of Electronic Scanning

In the early 1920’s interest in electronic, as opposed to mechanical,
scanning began to take form. Although it is beyond the scope of our
work to trace the development of the all-electronic television system,
it is of interest to note a few highlights in two major branches of the
work which were finally combined in 1934.

At the beginning of that era, work was carried out at the Radio
Corporation of America toward the development of a system that
employed the cathode-ray tube as the reproducing element. 1929
marked one of the first receptions of a television image which was
reproduced electronically. During the same interval research on an
electronic pickup device was also under way but it lagged behind the
work on the cathode-ray tube. While Zworykin had conceived of
the principle of the iconoscope camera tube, it was not until 1932
that it was developed sufficiently for reporting to the industry. At
the time of the 1929 test a mechanical galvanometer was used as the
transmitter.!

During the same decade members of the staff at Purdue University
had been doing work in the design and operation of cathode-ray
tubes.® Cognizance of this work caused the Grigsby-Grunow Com-
pany, which was manufacturing Majestic radio receivers at that
time, to contact the University in 1929 with the result that a joint

'H. W. Lee, “The Scophony Television Receiver.””  Nature, 142, 59 (July 9,

938).
' 2 S)cnphony Television, Electronics, 9 (3), 30 (March 1936).

3 D. M. Robinson, “The Supersonic Light Control and Its Application to
Television with Special Reference to the Scophony Television Receiver.” Proc.
IRE, 27, 483 (August 1939).

4V. K. Zworykin, “Television with Cathode-Ray Tube for Receiver.”! Radio
Engineering (December 1929).

®C. F. Harding, R. H. George, and 1. J. Heim, “The Purdue University

Experimental Television System.” Engineering Bulletin, R.S. No. 65, Engi-
neering Experiment Station, Purdue University, 1939.
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research project was established, whose purpose was the development,
of a television receiver employing a cathode-ray tube for scanning and
display.

In retrospect it may scem odd that the use of the cathode-ray tube
for display of television images was so late in arriving on the scene
of system development because basically it is a comparatively old
device in the field of eleetronics. Developed originally by Braun®
in 1897 the tube employed a cold cathode, and deflection of the ion
beam was accomplished by the usc of magnetic fields. Since modern
‘high-vacuum techniques were virtually unknown at that time, the
envelope contained air at low pressure.  In its early form the cathode-
ray tube fell far short of the requirements of the television system.
It remained for subsequent improvements, such as the introduction
of the coated, thermionic cathode developed by Wehnelt in 1905,
better evacuation and manufacturing techniques, and improved phos-
phors, to make the tube of use in television.

Under the aegis of the Grigsby-Grunow-Purdue agreement, work
went forward in the development of the veceiver. In its early form,
a cathode-ray tube employing electrostatic deflection of the beam
was used and continual pumping of the envelope was required to

PHOSPHOR
]

GUN\\

= —o

DEFLECTING
PLATES

/
MODULATING
SCREEN

Fig. 3-6. Change-of-velocity modulated cathode-ray tube.

maintain a vacuum. Essentially the reproducing system was quite
similar to that of the present day with the prime difference in the
manner of applying.the video information to the cathode-ray tube.
In addition to the conventional elements of electron gun and fluo-
rescent screen, the early Purdue tube incorporated a fine mesh of

s See, for example, A. L. Albert, Fundamental Electronics and Vacuwm Tubes.
New York: The Macmillan Company, 1947,
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nickel gauze just behind the phosphor. Application of the video
voltage to this screen caused a change in velocity of the electrons in
the beam at their point of impact on the phosphor. Since the ex-
citation and intensity of glow of the phosphor are dependent upon
the kinetic energy of the impinging particles, the video voltage could
thus control the light output from the fluorescent screen. Deflection
of the scanning beam was accomplished by the application of suitable
deflection voltages, generated in grid glow tube oscillators, to the
pairs of deflection plates.

At about the same time steps were taken to develop an all-electronic
pickup device for test purposes which pointed the way to an entirely
electronic system as contrasted to the prototype systems, which relied
upon a rotating disk or drum to carry out the scanning process.

The pickup tube developed was a static image generator in that it
was capable of generating only a single pattern of a silhouette form.
Thus, although it was not a television “‘camera’ in the usual sense,
it did provide a satisfactory test signal and pointed the way to the
later development of more modern static image generators, such as
the monoscope. This image generator was simple in both construe-
tion and principle of operation. A metal silhouette cut from sheet
metal was mounted in an evacuated envelope so that it could be
scanned by an electron beam. Behind the silhouette was a collecting
plate, which caught those electrons which passed by or through holes
in the silhouette. The output was the current obtained from this
collecting electrode. Pending the construction of a radio transmitter
for test purposes, the system was operated as a closed one, using wires
to connect the image generator and cathode-ray tube.

During the next three-year interval further research was con-
ducted to improve the cathode-ray tube, which finally resulted in a
glass envelope tube with an artificial phosphor screen and which
employed the now standard method of controlling the screen bright-
ness of applying the video signal to a control grid mounted in the
electron-gun assembly.

A receiver incorporating this new playback tube and a Nipkow disk
scanner pickup system served the basis of several ‘‘on the air”’ trans-
mitter tests which, at that time, were considered satisfactory and
which provided reception at distances up to 150 miles.

In 1934 support of and patent rights for the Purdue project were
secured by the Radio Corporation of America. This brought together
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strong forees for the development of a practieal all-electronic system
for, as we have seen, the rescarch organization of RCA Vietor had
been doing parallel work on a system based on the cathode-ray tube.’
At the saume time a number of systems for scanning moving picture
film were developed.®1© .

The year 1934 also saw the development of the image dissector and
the iconoscope, both of which incorporated electronic scanning of
some sort and the eleetro-optical transducer into a single unit or
camera tube.  Subsequent developments along this line have resulted
in the image iconoscope (1938), the orthiconoscope (1939), and the
image orthiconoscope (1946). All these tubes use a moving electron
beam as the scanning clement.

Thus we see that the assumption of electronie scanning which was
used in the last chapter is perfeetly general: scanning is accomplished
at both ends of the system by deflecting a beam of eleetrons.  Since
this concept is basic in modern television systems, we next investigate
the means available for eausing this deflection.

ELECTRONIC SCANNING

An electron beam such as used in the various cathode-ray devices
common to television requires motion in three mutually perpendicular
directions. For example, in the kinescope any beam electron must
move first from gun to screen, and then must be capable of being
deflected either up and down or horizontally across the screen to
produce the scan pattern. Thus we must consider means of ac-
complishing these different types of motions. In general two fields
are required, one to produce the toward-screen motion, and the
sccond to produce the across-sereen motion.  Three types of com-
binations of fields are used for this:"' (a) two normal clectric ficlds,
(h) two normal magnetic fields, and (¢) two parallel ficlds, one mag-
netie and one electric.  We now proceed to derive the relationships
hetween beam deflection and fields for these combinations.

713, W. Engstrom, “An Lxperimental Television System.”  Proc. I1RE, 21, 12
(December 1933).

8V, K. Zworykin, “Deseription of an lixperimental Television System and the
Kinescope.”  Proc. IRE, 21, 12 (December 1933).

9 C, I. Hardy, R. H. George, and 11.J. Heim, op. cit,

R, D. Kell, “Deseription of Experimental Television Apparatus.”  Proc.
1R, 21, 12 (December 1933).

n I, G, Maloff and D. W, Epstein, Electron Optics in Television.  New York:
MeGraw-11ill Book Company, Inc., 1938,
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3-3. Electrostatic Focus and Deflection

In Fig. 3-7 an electron, free to move under the accelerating field
due to E, is shown between two plates. Since the electron is free to
move, it will eventually arrive at the plate of higher potential with
potential energy FKe. By the law of the conservation of energy it
must be true that on impact its potential energy is converted into
kinetic energy. Thus,

Imeg = ke (rationalized M.IX.S. units)
[2ke
[0)) ry = m (3—1)
where e = electronic charge

16 X 10—2° coulomb
and m = electronic rest mass
= 0.03 X 10~ kilogram

Thus the final veloeity, 2o, of the clectron is proportional to the square
root of the accelerating voltage E.
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Fig. 3-7.  An electron is free to IFig. 3-8, The hasic  eathode-ray
move between two plates. tube. The beam clectrons maintain

a constant axial veloeity roin the region
to the right of the vertical dotted line.

Now in the cathode-ray tube the parallel plates of Fig. 3-7 are
replaced by an electron gun and an anode consisting of a conducting
coating inside the envelope at the end away from the gun (I'ig. 3-8).
Assuming the coating to have zero resistance it is an equipotential
surface and, in fact, the whole region to the right of the dotted line
and interior to the bulb is at constant potentiai and eorresponds to the
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“plate’” of the previous figure. Thus an electron arrives in that
region with an axial velocity v given by (3-1) and further maintains
that axial velocity throughout that entire region.

In its practical form the cathode-ray tube employs a steady beam
of electrons in place of the single electron just discussed. In fact,
it is this electron beam which causes the fluorescent screen on the tube
face to give off light at the point of impact. We have already seen
in the last chapter that the cross-sectional area of this beam should
be as small as possible because it serves as the scanning aperture
whose size determines to a large degree the reproduction of detail in
the final image. Our immediate problem, then, is to consider by what
means the electrons that are emitted from the thermionic cathode
in the CRT may be focused so that they converge into a small spot
at the fluorescent screen. In accomplishing this, use is made of the
fact that the paths of electrons passing through electrostatic or
magnetostatic fields are bent in a manner quite similar to that in
which light rays are refracted when they pass through regions of
different refracting index. As a matter of fact, Snell’s law of opties
may be carried over in modified form to give a corresponding equation
in electron optics. The analogy between the two forms is illustrated
in Fig. 3-9.2 Comparison of the two examples in the figure shows

E, Es
- — — V2
MEDIUM | MEDIUM 2
M M2 v, ¥ e
{ ¢2 \L
@ t
SN _ Vi _ 42 SN _ Ve _F
% SING, V2 M N L sNex W1V Ey
14 = INDEX OF REFRACTION  EQUIPOTENTIAL  E = POTENTIAL
V = VELOCITY SURFACES V =VELOCITY
(@ (b)

Fig. 3-9. A close analogy exists between optics and clectron op-
tics. (a) Optical path in optics.  (b) Electron trajectory in electron
optics.

12 See, for example, M.IT. Electrical Engineering Staff, Applied Electronics.
New York: John Wiley and Sons, Inc., 1943; Chap. 1. Also I. G. Maloff and
D. W. Epstein, Electron Optics in Television. New York: McGraw-Hill Book
Company, Inc., 1938.
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that the square root of voltage may be interpreted as the index of
refraction in electron optics.

It follows more or less directly from Snell’s law that the path of an
electron in an electrostatic field may be traced point by point if the
field configuration is known, say, in terms of the equipotential lines.
Although the application of this technique is beyond the scope of our
work, we may state the results, which are of importance here: By
use of a suitable electrostatic field the electrons that leave the cathode
in a cathode-ray tube may be focused into a small spot at their point
of impact on the fluorescent screen. In this process, the electrostatic
field may be made to serve as an clectron lens. Let us see how this
might be accomplished in a typical CRT.

The several parts of the electron gun are illustrated in Fig. 3-10,
where the equipotential lines resulting from the applied voltages and
electrode geometry are shown. Two lenses are provided, one by the
control grid and first anode, and the second by the two anodes.
The former serves to focus those clectrons which leave the cathode
in the direction of the defining aperture in the grid onto the crossover
point, which is labeled z in the diagram. Notice, then, that a much
greater constriction of the beam is obtained than if the defining
aperture served only as a physical stop. The net result is that the
crossover point, which is very small, serves as a virtual point source
of electrons, which then enter the second lens. There the electric
field bends the electron trajectories so that an image of the crossover
point appears at the fluorescent screen; that is, the electron lens
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Fig. 3-10. Electrostatie focusing in a cathode-ray tube; z repre-
sents the crossover point.
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focuses the erossover point onto the screen. In this manner the
electrons that leave the cathode are made to arrive at the sereen as ¢
beam of very small cross-seetional area.  In a typical case the di-
ameter of the beam at the point of foeus may be as small as 0.1 milli-
meter or less.  Since the shape of the focusing field may be varied
by controlling the voltage on the first anode, that voltage is generally
made variable by returning it to a potentiometer, the foeus control,
in the high-voltage bleeder system.

The focusing syvstem just described utilizes the bending action of
an eclectrostatie field and henee is termed cleetrostatie focusing.  Its
advantages are that it draws no power (few, if any, cleetrons reach
the first anode) from the high-voltage supply, and that the lens sys-
tem itself is contained within the eathode-ray tube envelope. Its
chief disadvantage is that the lens size is small and not capable of
providing as fine a spot on the fluorescent sereen as does the magnetic
system of foeusing, which is described later in the chapter. In
current practice clectrostatic focusing is coufined to cathode-vay
tubes up to 7-in., or oceasionally a 10-in., size and is not used in the
larger picture or television camera tubes.

Since we have scen how the eleetrons are formed into a narrow beam
in the CRT, we must now consider how that beam 1s made to move
across the face of the tube in the preseribed scanning pattern. It
must be stated that after focusing in the electron gun the elecetrons
enter the constant potential region which is provided by the aquadag
coating on the tube envelope. In this region the electrons have a
constant axial component of veloeity ro.  If, now, the beam be made
to pass between a pair of deflecting plates, such as shown in Iig. 3-8,

—

Fig. 3-11.  Llectrostatie deflection.
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it may be deflected normal to the direction of ro by a deflecting voltage
1" across the plates.  We shall now derive the equation which relates
the beam defleetion to the defleeting voltage.  An enlarged view of
the deflecting system is shown in Ilig. 3-11.

Since 7, remains constant, the time of flight, ¢, during which an
electron remains between the plates is

t=- (3-2)

Assuming a uniform field between the deflecting plates and neglecting
fringing effects, the field intensity normal to the plates is

v
@ = 4 (3-3)
and the normal force on an electron is given by
7
f=2¢8 = %c' = ma
The normal acceleration is
Ve
" md (3-4)
Then, integrating, v; = normal velocity at time ¢
Ve l =
=at = md g (3-5)
and 6 = vertical deflection from axis at time ¢
1 ., Vel?
= 2% = Spdeg (3-6)

Once the electron has passed beyond the edges of the deflecting
plates, it is subject to no accelerating forces and, hence, moves with a
constant velocity, which is the resultant of the two velocity com-
ponents v, and vy both of which are constant. Thus,

Vs Vel

LR vo  mdog? (3-7)

Comparison of (3-6) and (3-7) reveals that the angle of deflection
is also given by

tan o = (3-8)

Hal
1/2
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This last equation is important for it shows that the actual parabolic
path of the deflected electron may he considered to be replaced by a
path that continues in the direction of # until the center of the plates
is reached, and then undergoes an abrupt change of direction by an
angle . This equivalent electron path is shown by the dashed line
in Iig. 3-11.

Then, continuing the derivation—for we wish to relate the total
deflection D to the deflecting voltage V—we have:

D = deflection on sereen corresponding to angular deflection of

=y tan a (3-9)
and substituting from (3-1) we get
ly V ‘
D=5i% (&=

We may illustrate the v e of eq. (3-10) with the following example:
The dimensions of & ¢o> amn cathode-ray tube are

{=2cm y = 20 cm

¢ =1cm K 1 Kv

Then the voltage required to produce a deflection of 5 centimeters

will be
. 2DE (5 e om( s
V= o 2 (2> (2()) 10* = 250 volts

YFurther calculation will show that the maximum deflection which
may be obtained in this tube without a change in accelerating voltage
is 10 em. which corresponds to a deflecting voltage of 500 volts.
1f the deflecting voltage is inereased above this value, the deflection

angle a will exceed 26.5° = arc tan (g / %) and the electron heam

will hit the deflecting plates. This illustrates one of the limitations
on deflection angle in the electrostatic CRT: for a given deflecting
voltage, V, the deflection is inversely proportional to the interplate
spacing, d. It seems desirable. then, to make this spacing as small
as possible but, of course, this is incompatible with large values of a,
for if the electrons are to reach the phosphor, they must not hit the
deflecting plates. This condition is remedied in practice by cither
putting a sharp bend in the plates or by giving them a gradual flare.
In cither case the deflection equations above must be modified by
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Fig, 3-12. Detail of the curved plates used in electrostatic deflec-
tion. (Courtesy of Allen B. Du Mont Laboratories, Inc.)

suitable factors,”® but in any case the deflection remains directly
proportional to V, the deflecting voltage across the deflecting plates.

Since in any given CRT the physical dimensions remain constant,
it is the usual practice to arrange eq. (3-10) in the following manner:

D_{(ly\1 =
V- (2(1) ) (3-11)
where D/V is termed the deflection sensitivity and which may be

expressed in millimeters per volt. It may be seen from the lasi

13 An excellent treatment far deflection with curved deflecting plates is given
by I. G. Maloff and D. W. Epstein, op. cit.
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equation that the deflection sensitivity will be constant for a given
tube operating at a fixed value of accelerating voltage, K. TFurther-
more, since the deflection sensitivity may be determined experi-
mentally, it gives an easy way of handling the cases where bent or
flared deflection plates are used. In recent years there has been an
industry-wide trend to replace the deflection sensitivity of eq. (3—-11)
by its reciprocal 1//D, the deflection factor. This factor is generally
expressed in volts per inch.  Values of these quantities for three
typical television cathode-ray tubes of the electrostatic tvpe are
given in Table 3-1. Two sets of deflecting plates at right angles to
cach other are usually provided in cathode-ray tubes so that deflec-
tions in both the horizontal and vertical directions may be obtained.
Since one set is generally nearer the tube face than the other, the
dimension v is different for the two. In the table values are given
for the set nearer the fluorescent screen.

TABLIS 3-1

DerLEction SExsiTiviTies o Tyerean TeLEvIsioN CRT’s

Approx. sereen size, Accclerating voltage, ‘ D/V, V/D,
Type in. volts mm/volt | volt/in,
S5BP4 | b} 1500 0.45 57
P4 7 6000 0.94 20
0 5000 0.251 100

1014 ‘ 1

We may summarize electrostatic defleetion as follows: IFor a con-
stant accelerating potential, the defleetion of the electron beam is
directly proportional to the deflecting voltage and is at right angles
to the plane of the deflecting plates. Therefore, if the beam 1s to
trace out a definite pattern on the fluorescent screen, the deflecting
voltage must vary and, further, its shape must be the same as that
of the desired deflection.  Another fact which will be of importance
in a later discussion of ion spot may be seen directly from eq. (3-10);
the total defleetion is independent of m and €, the mass and charge,
respectively, of the deflected particles.

3--4. Magnetic Focus and Deflection

In the last section we saw that the electron beam in a cathode-ray
tube may be focused and deflected by means of clectrie fields. In
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the present section we shall consider how the same results may be
accomplished with magnetic fields. We shall first discuss magnetic
focusing,

The need for magnetic focusing has already been stated: the elec-
trostatic method gives a larger spot on the fluorescent screen of the
CRT. The reason for this is that both types of lenses exhibit, spheri-
cal aberration, that is, those electrons which approach the lens on
trajectories that are inclined at a large angle relative to the axis of
the tube are not bent sufficiently to return to a ecommon focal point
with clectrons which remain near the tube axis. Thus there is a
scattering of electrons about the focal point, and the resulting spot of
impact is larger than it should be. One means of overcoming this
form of aberration is to use a larger lens field so that all of the beam
electrons remain in a relatively small portion of the field. This
remedy is difficult to apply in the electrostatic case because, as we
have seen, the lens electrodes lic within the envelope of the CRT
neck.  With magnetic focusing, on the other hand, the magneto-
static focusing field is produced by a coil or permanent magnet,
which may be exterior to the tube envelope, and a similar limitation
on size is not present.  We may add parenthetically that the use of
the external magnetic foeus and deflection system also eliminates the
need for the electrostatic deflection plates, and a CRT with a smaller
tube neck diameter may be utilized. Then in the magnetic case
superior focusing is obtained primarily because the lens size is
increased.,

In order to study how magnetostatic focusing takes place we shall
investigate the system shown in Fig. 3-13a. That system uses a
short focusing coil.™ The coil is formed of several turns of wire
on a soft-iron ring which has an annular airgap. The upper part of
the coil is surrounded by a magnetic shield so that opposite sides of
the ring on either side of the air gap serve as pole faces. The general
shape of the magnetic field which results when direct current flows
through the coil is illustrated in the figure.

Whereas equations giving the focal length of such a lens may be

1 A second case where a long focusing coil extends over the entire length of
the electron beam is deseribed in Chapter 6. The short coil is the form used in
cathode-ray tubes.
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Fig. 3-13. (a) Magnetostatic focusing. (h) Detail of a PEM
focus coil.

derived, subject to a number of simplifying assumptions,'® we shall
merely describe the physical action which takes place in the focusing
field. Any electron which enters the field in such a direction that it
crosses the lines of flux is subject to a bending action whose direction
may be determined by the left-hand motor rule. It may be shown
that such an electron is subject to a foree that causes it to follow a
spiral path. This path will cause the clectron to be directed toward
the focal point as it leaves the magnetic field. It is by this means
that the focusing action takes place.

A more rigorous analysis shows that, for a given accelerating
voltage, the focal length is proportional to the square of the current
in the focus coil and so is independent of the direction in whieh that
current flows. It follows at once that focus control may be obtained
by varying the current through the coil. 1t is common practice,
however, to use this method for fine control only, coarse control being

15 See T. Soller, M., A. Starr, and G. IS, Valley, Jr., Cathode Ray Tube Displays,
Volume 22, M.LT. Radiation Laboratory Series. New York: MeGraw-11ill
Book Company, Inc., 194%; also. 1. G. Maloff and D. W. Epstein, op. cit.; and
V. K. Zworvkin and G. A, Morwon, Tdevision, New York: John Wiley and
Sons, Inc., 1940
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obtained by adjusting the position of the focus coil along the neck of
the CRT. In typical focus coils for 10- to 16-in. tubes the winding
resistance is approximately 475 ohms and the direet current re-
quired ranges from 75 to 200 milliamperes, the exact value being
dependent upon the accelerating voltage that is applied to the tube.
It will be realized that the voltage drop across such a coil is small and
that it may be energized from a tap on the low-voltage supply of
equipment.

Some saving of focusing power may be had by making a composite
focus coil which utilizes a permanent magnet as well as an electromag-
net to produce the required field. The construction of a coil of this
type, which is commonly designated as a PEM coil, is shown in
Fig. 13-13).1

The use of an external magnetostatic focusing field eliminates the
need for the electrostatic focus system in the CRT and an electron-
gun structure different from that previously described may be used.
Present practice utilizes a tetrode structure, which consists of a
cathode, control grid, screen grid, and anode, the latter three being
axial cylinders of the same diameter. As in the clectrostatic tube
shown in I'ig. 3-10, the anode is connected to the aquadag coating
on the inner surface of the tube envelope.

For the sake of completeness it should be stated that it is not
necessary to use magnetostatic focusing in the tubes which employ
magnetic deflection of the electron beam. In fact the 9-in. cathode-
ray tubes used in prewar television equipment generally used electro-
static focusing with magnetic deflection.  Postwar practice, however,
is to use magnetic focusing in the larger tubes, which employ mag-
netic deflection of the beam, because of the superior performance it
affords.

Since we have discussed means for focusing the electron beam into
a fine spot on the C'RT screen, we are now in a position to consider
the second method of deflecting the electron beam, the method in
which a magnetic defleeting field is used.  For the purposes of the
present discussion we will assume this field to be uniform and re-
stricted to a definite region of length I as shown in Iig. 3-14. We
further assume that the direction of the field is out of the page as
indicated. The placement of electron gun and anode is the same

18 For constructional details of focus coils, see Soller et al., op. cit.
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UNIFORM
MAGNETIC FIELD

IFig. 3-14.  Magnetie defleetion.

as that shown in Fig. 3-8, only in this case the deflecting electric
field applied across the deflecting plates is replaced by the uniform
magnetic field. Application of Fleming's left-hand motor rule (re-
member that conventional current flow is in the direction opposite
to that of the electron motion) shows that the deflection will be
upward in the diagram. We may now derive the relationship for D,
the screen deflection.

As in the previous case the electron maintains a constant axial
velocity, v, given by (3-1).

Let
H = field intensity, amperes/meter

B = flux density, webers/meter?

uo = permeability of space = 47 X 107 kilogram-meter/coulomb?

Now the force on the electron resulting from the magnetic field is
normal to the direction of v and causes the electron to move in a
circular path with radius of curvature p. The force due to this field
may be calculated by Ampere’s law

[ = Bevy = pollerg (3-12)
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and this must be equal to the centrifugal force

= Mg (3-13)
p
__my .
Thus, p= " He (3-14)

Now since the direction of electron motion at any point on the path is
always normal to the radius vector from the center of curvature to
that point, it follows that the radius vector swings through an angle o
equal to the change in path directions of the electron on entering and
leaving the magnetic field. Then from the diagram it may be scen
that

e S (3-15)
p
1t should be noticed that, in gencral, the point a does not lie midway
between the boundaries of the magnetic field. Thus,

D = (y — oa) tan a

— m’-

Jt- \p)

If now the expression for p be substituted in (3-16), a rather formi-
dable equation results which is difficult to interpret. If, however,
the angle of deflection be sufficiently small, we may assume

(3-16)

that a =sina = tan a
and further, since [/ is small compared to y
y—oa=y

and the approximate equation results:

Substituting for € and m for the electron in M.ILS. units we get
IH
~ 47(0.0297) L2 3-18
m( ) VE (3-18)

where the units of // are amperes/meter, the units of D, y, and [
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are meters and the units of K ave volts, Hence it may be seen that
in magnetic deflection the total screen deflection 1s proportional to H,
the field intensity, provided that the deflection angle is small.  Again
the second divection of deflection required by the scan may be ob-
tained by using another magnetic field normal to that desecribed
above, and the same deflection equations obtain.

At this point it might be well to eheck the range of a, for which the
approximation of eq. (3-18) is valid.  The procedure using the exact
forms would be to determine sin « from (3-15) and then find tan «
from the tables, whereas in the approximate form the caleulated value
of the sine is assumed equal to the tangent. Hence, the per cent
error involved in the approximation is

tan ¢ — sin «
fan «

> 1009, = (1 — cos a) 1009,

The following data may be obtained from any set of mathematical
tables:

Sin « Tan « ¢ Frror Approx. a¥
0.343 0,365 3.3 20
0.371 0.3399 7.0 22
0,426 0.471 9.6 25
0.197 0.573 13.3 30

Thus the approximation is good within 10 per cent for a deflection
of 25°.  This is convenient, for several postwar wide-angle cathode-
ray tubes use a peak-to-peak angular defleetion of about 50°, which
corresponds to an « of 25°. Since in all eases sin o < tan a, the
defleetion caleulated from (3—18) will be conservative, i.e., it will be
less than the actual defleetion predicted by the exaet equations.

In magnetic defleetion the required magnetie field is established by
causing current to flow through the coils of a deflection yoke, which
is slipped over the neck of the cathode-ray tube and whose geometry
is such that a uniform magnetic field is produced in the deficetion
region. Such a yoke of simple form is shown in Iig. 3-15.  Assuming
for u moment that the field produced in the eathode-ray tube by the
voke is perfeetly homogeneous and square in cross section, we may
derive a relationship between D, the total deflection, and [/, the
deflection current flowing through the voke windings.  Let: N be the
total number of turns, and 2 the height of the ficld in meters.  Then
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METAL NECK OF
FRAME CRTUBE

TO
CURRENT
SOURCE

Fig. 3-15. Simple yoke for magnetic deflection.

NI .
= (3-19;
and substitution into (3-18) yields
D= 47(0.0297)yl N1
VE h
I NI

=03713L 25 3-20
h VE #20

It can be seen, therefore, that under the conditions assumed, the total
screen deflection is directly proportional to the deflecting current.
Therefore, in magnetic deflection the deflecting current must have the same
shape as that of the required decflection. Let us use eq. (3-20) to find
the number of ampere turns required to produce the scanning raster
in a 10BP4 magnetic deflection tube. The width of the scanning
lines is to be 8 in. so that the complete raster of standard aspect
ratio will fit on the face of the 10-in. CRT. The deflection yoke is
5 centimeters long and produces a field of height 5 centimeters. The
yoke is centered on the neck of the tube at a point 9.5 in. from
the fluorescent screen. The anode accelerating voltage is 8 kilovolts.

Our equation is derived on the basis of an angular deflection, «,
away from the center of the screen. Thus a eurrent which increases
to a maximum and then reverses direction to the same value in the
opposite direction is required. Thus, if we let D equal the line width
of 8 in. N7 will be the peak-to-peak value of the ampere turns. Then,
by substituting into (3-20), we have

VERD _ V8000 (5\ (8
0.373ly ~— 0.373 \5/\9.5
= 201 ampere turns, peak-to-peak

NI =
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Notice that the units of # and L. and of 1) and y cancel; hence they
need not be converted to meters.

Now as a practical matter the simple deflection yoke of Fig. 3-15
does not produce a homogeneous magnetic field as assumed. This
condition may be remedied, however, by climinating the iron core
completely and by using instead an air-core coil whose windings are
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Fig. 3-16. A typical television deflection yoke. (a) The screen
end of the flatwound coil is bent up 907, (b) The flat coil is bent
into shape around a mandrel.  (¢) The complete yoke, showing the
horizontal and vertical deflection coils in place.  (Courtesy of Radio
Corporation of America.)
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shaped in a particular fashion. In practice a pair of distributed
winding coils are bent into a cylindrical shape and a good approxi-
mation to the uniform field may be obtained.! 18

The manufacture of such a coil is not too difficult. Each coil of
the pair is formed, in the flat, on a wiring board, and after taping, is
bent around a mandrel to the required shape. Generally the coil
ends toward the sereen are bent up 90° from the axis of the tube to
extend the field slightly in that direction. The chief steps in forming
such a coil are shown in Fig. 3-16. The complete yoke, comprising
two coil pairs at right angles (one pair for cach deflection direction,
vertical and horizontal), is mounted on an insulating form and sur-
rounded by a sleeve of high permeability metal, which serves as a
magnetic shield.’® The manufacturing procedure of a deflection yoke
which has just been described is primarily used at the present time
for fabricating experimental coils only. Once the final design of a
voke has been established, the separate coils are machine-wound on
dies so that they are preformed to approximately the correct shape.
The final forming is carried out in a press. This latter method is
much more suitable for modern production methods and lowers the
unit cost of a yoke by an appreciable factor.

3-5. Comparison of Electrostatic and Magnetic Deflection

Some interesting points of comparison between the two deflection
systems described may be made by reference to eq. (3-10) and (3-20).
To illustrate one point having to do with accelerating voltage effects,
these may be written as

Electrostatic Deflection D =K ,‘Z, (3-22)
Magnetic Deflection D = KQ\/LI_' (3-23)

where E is the cathode-anode accelerating voltage, V the deflecting
voltage, and I the deflecting current.

7 Even better results may be obtained if the winding density is distributed
according to the cosine law. See K. Schlesinger, “Magnetic Deflection of Kine-
scopes.”  Proc. IRE, 36, 8 (August 1947).

18 For an exeellent treatment of the manufacturing techniques of air-core
deflection yokes, see Soller et al., op. cit.

1% Preliminary Data on Telerision Scanning Circuits and Components, Part 1,
RCA, RCA Victor Division, 1944,
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Now in a cathode-ray tube both the sereen brilliance and beam
size are related to the accelerating voltage and hoth require a value of
accelerating voltage ranging upwards from 5 to 15 kilovolts depending
upon the tube size and type of service. Reference to the above
equations indicates that as E is raised, 17 must increase in direet
proportion for electrostatic deflection to maintain a given sereen
deflection.  Evaluation of the constant Ky for typieal cathode-ray
tubes shows, for tubes having sercen diameters greater than about
7 in., that values of deflecting voltage are required that are higher
than may be conveniently generated with reeeiving-type tubes.

In magnetic deflection tubes, however, the values of deflecting
current required for tubes up to 20 in. in diameter may be obtained
with relatively small beam power tubes.  In consequence the 7-in.
tubes have come to be a transition size for cleetromagnetic and
clectrostatic deflection.  Thus we find that tubes smaller than 7 in.
tend toward electrostatic defleetion, whercas the larger tubes use
magnetic deflection almost exelusively.  In the 7-in. size both types
are available, the 7EEP4 being representative of the former type, and
the 7DP4 of the latter.

In the postwar development of television receivers, emphasis has
been on tubes having scereen diameters of 10 in. or greater; hence,
emphasis has been on the design of better and more efficient magnetic
deflection systems and components. This subject is covered in some
detail in the next chapter.

Another comparison may be made between the two types of de-
flection relative to the presence of the so-called “ion spot” or “nega-
tive ion blemish.”2 In this regard it is unfortunate that in the
completed cathode-ray tube negative ions, other than clectrons, are
present. Various experiments tend to indicate that oxygen and
chlorine ions, Os~ and (17, predominate in this eategory.  The origin
of these ions in the tube has been the subject of considerable research,
and various theories have been postulated concerning this.  Bowie
suggests that the following three mechanisms are involved: (1) diveet
emission of the ions by the cathode, (2) secondary emission of the
negative ions resulting from positive ion bombardment of the grid
and cathode, and (3) formation of the ions by beam electrons attach-
ing themselves to the appropriate molecules present within the tube
envelope.

20 R. M. Bowie, “The Negative-lon Blemish in a Cathode Ray Tube and Its
Elimination.” Proc. I1RE, 36, 12 (December 1948).
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Why the presence of these ions is a source of trouble in magnetic
defleetion may be seen from eq. (3-17).  In this case the defieetion
of any charged particle depends on its charge-to-mass ratio, €/m.
Henee any ion of charge-to-mass ratio different from that of the
clectron will be defleeted by the magnetie field through a different
angle than will be the eleetrons. Thus the sean pattern for the ions
differs from that of the eleetrons.  The final visible effeet of the 1ons
on the CRT sereen will depend upon the type of focusing used in
the tube.  In clectrostatie focusing as in clectrostatic deflection,
the foeusing properties are independent of the €/m ratio of the beam
particle: hence the jons as well as the eleetrons are focused onto a
small spot on the fluorescent sereen. Sinee the heavy jons suffer
negligible defleetion in the magnetie defleeting field, they continuously
strike 1 small spot at the center of the tube face and actually burn or
poison the sercen at the point of impact so that it no longer gives off
light. As viewed on the sereen the ion blemish appears as a small,

Fig. 3-17.  The appearance of ion spot on the face of a cathode-
ray tube that cmploys electrostatic focus and magnetie deflection.
The ion spot is the small, dark eircular area over the subjeet’s left
evebrow.  (Courtesy of Bvlvania Fleetrie Products, Ine.)
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stationary, brown spot. An example of this for the conditions just
cited, that is electrostatic focus and magnetic deflection, is shown in
Fig. 3—-17.

The ion spot appears as a larger brown spot about 1 in. in diameter
when magnetostatic focusing is used with magnetic deflection. The
reason for the larger spot size under these conditions is that the heavy
ions are relatively unaffected by the magnetostatic focusing field and
so arrive at the screen in a larger, unfocused region.

The presence of cither of these forms of ion blemish may be very
annoying to the television viewer. Not only does it cause severe
degradation of the picture detail near the screen center, but also if the
camera is scanned horizontally across a seene, the ion spot exhibits
the objectionable property of apparently moving in the opposite
direction.

Apparently the formation of ion spot may be reduced by closer
control in the manufacturing of the tubes. The resulting increase
in cost because of more rejects has made more direct corrective
methods attractive. Three methods of attack on the problem have
been used. Iirst, it has been found experimentally that blemish
effects tend to decrease with increasing accelerating voltage and are
practically negligible on sulfide-type screens at 12 to 15 kilovolts.
The majority of receivers at the time of writing however, use high
voltages limited to about 9 or 10 kilovolts which is below the thresh-
old value. Thus other cures are indicated.

Secondly, attempts to reduce the blemish have been made by
backing the fluorescent screen with a thin metal coating.*® While
this type of screen backing was developed primarily to increase
screen brilliance, it nevertheless is of aid in the present problem, for it
has been demonstrated that the depth of penetration into a substance
of a moving particle is inversely proportional to the particle mass.
Thus the massy ions are impeded from reaching the phosphor by
the metal backing coat. Obviously the coating must be limited in
thickness so that it remains pervious to the electrons. Thus the
metal-backed screen does not eliminate the problem but only amelio-
rates it.

The third approach involves the use of an ion trap, whose function
is to introduce an auxiliary bend in the beam path to prevent the

21D, W. Epstein and L. Pensak, “Improved Cathode Ray Tubes with Metal
Backed Luminescent Sereens.””  RCA Rev., VII, 1, 5 (Mareh 1946).
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massy ions from reaching the fluorescent screen. One of the earliest
forms of ion trapping, according to Bowie, employed the simple
expedient of bending the envelope proper of the cathode-ray tube.
This is illustrated in Fig. 3-18. A d-c biasing field is produced by a
direct current of the proper magnitude in the deflection yoke. This
trap field is of sufficient strength to bend the electrons around toward
the screen, but the path of the massy ions remains unaffected and they
hit the edge of the screen outside the picture boundaries.

DEFLECTION
YOK
ELECTRON GUN ION BEAM
3 ] S

ELECTRON -~
BEAM

Fig. 3-18. An early ion-trap tube. The heavy ions are unaf-
feeted by the deflection field and hit the fluoreseent screen outside
of the picture area. (Courtesy of Proc. IRE.)

Although this simple construction performs the ion-trap function
satisfactorily, it nevertheless results in a cumbersome tube. But
once a principle is established, improvement needs only time.

In some of the later prewar Philco sets, the same principle was used,
but the electron gun rather than the tube was bent. Postwar trends
have been toward a design that bends the gun electrically rather than
mechanically by proper shaping of the electrodes and electric fields.
In either case a separate field provided by an ion-trap magnet 18
required. This may be furnished by either a permanent-magnet or
an electromagnet. Two typical systems, employing these variations,
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Fig. 3-19. A bent-gun ion trap. (Courtesy of Proc. IRE.)
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are shown in Figs. 3-19 and 3-20. The latter diagram illustrates the
gun and trap structure used in the popular 10BP4, which has proved
to be the tube around which the majority of television receivers
produced in the period 1946 to 1949 were designed.

EXTERNAL
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Fig. 3-20. The gun strueture of the ion trap empleyed in the
10BP4 eathode-ray tube.  (Courtesy of Proc. IRI)

in the interests of completeness the two types of defleetion should
also be compared as to focusing defects and the like, but these are
problems more closely related to electron opties and will not be
discussed here. They are adequately covered in the literature.®

SCANNING GEOMETRY

In the last section it was shown that in a cathode-ray tube the beam
deflection is proportional to the defleeting voltage or current, depend-
ing upon the particular type of defleeting system being used.  1'ur-
thermore, in Chapter 2 the scanning pattern was standardized. It
remains, then, to determine what shape of deflecting voltage (or
current) is required to cause the electron heam to trace out this
preseribed pattern.  Ninee two directions in the scan are involved,
these may be obtained by two , »irs of mutually perpendicular fieids
as previously deseribed.  Henee, ax a matter of convenience we may
resolve the motion of the defleeted spot as it {races out the standard
scan pattern into horizontal and vertical components. These, in
turn. will determine the shapes of the defleeting voltages or currents.
Proceeding from the simple to the complex we first consider the
geometry of a progressive scan.

22 Nee, for example, 1. G, Maloff and D, W. Epstein, op. et
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3-6. Progressive Scan

The scanning raster (pattern of scanning lines) required for the
progressive scan is shown at the upper left in Ilig. 3-21.  The picture
is to be scanned from left to right and from top to bottom in a fixed
number of lines, n.  Irom the standards of the last chapter we know
that these lines must be scanned at a constant speed. This require-
ment may be met if the horizontal deflection is of a saw-tooth form,

/

y -DEFLECTION t—>

t’l X ~-DEFLECTION

I'ig. 3-21.  Horizontal and vertieal components required to produce
a progressive sean pattern,

that is, if it inereases linearly across the width of the picture and then
decreases to its initial value.  During this latter retrace interval no
picture information is to be presented so the deflection may be of any
convenient form.  Now if only this horizontal deflection be imparted
to the eleetron bheam, the beam will continue to scan along a single
line, retracing it over and over again.  Clearly a vertical deflection
component is also required in order to spread the several lines over
the picture area in the vertical direction.

Now by definition in the progressive scan, the several lines are
traced out in numerical order from top to bottom of the picture.
Ience we require a vertical defleetion which remains constant during
the sean or trace portion of a horizontal line, then inereases in the
downward direction the distance of one line piteh during the line
retrace interval, then remains constant during the next sean, and so
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on. It may be seen at once that this vertical deflection will have to be
locked in precisely with the horizontal sweep in order that the down-
ward motion occur only during the horizontal retrace interval, and
that it will have the general shape of a flight of stairs.  This vertical
deflection along with its horizontal saw-tooth deflection counterpart
are necessary for the proposed scanning raster and are shown in
Fig. 3-21.

We must now answer the question whether these wave forms can
be reproduced in current or voltage, for we have seen that magnetic
or electric deflection require, respectively, current or voltage of the
same shape as the desired defleetion.  The horizontal component,
the saw tooth, is familiar in electronics and may be generated quite
readily. The staircase wave, on the other hand, presents some
problems. Its shape may be produced® but the requirement of
locking its “treads’” with the saw-tooth retrace is unduly cumbersome.
Thus we seek some compromise which will simplify the vertical deflec-
tion component. Reference to Iig. 3-22 shows that the compromise

Y
Fig. 3-22.  The modified progressive sean pattern with its saw-tooth
horizontal and vertical components,

is afforded by using a second saw tooth for the vertical deflection.
This substitution eases the requirements on the deflection-generating
circuits, simplifies the problem of synchronizing the two components,
and affects the scanning raster only by causing a slight tilt downward

23 See Linear Counter Cireuit, chap, 11,
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to the right. It is this ecompromise progressive scan, then, which
utilizes two saw-tooth deflection components, that we shall consider.

Since the two scans are integrally related as shown in diagram, we
may define a number of quantities and then set up the relationships
between them.

T.et
(7.). = vertical scan interval ]
(r;). = vertical flvback interval 7
v, = vertical (frame) period
f, = frame frequeney L progressive scan (3-24)
p. = vertical flyback ratio |
_ e l
(Ts)v J
, 1
then V, = f;, (3-25)

It has been pointed out previously that the horizontal lines that
occur during the vertical retrace cannot be used for picture data
presentation and that they are blanked off from the screen by a
negative pulse applied to the CRT control grid. It can be seen, then.
that a number of lines will be lost during the vertical retrace and

VERTICAL
SWEEP
N
o] | J l t
(Ts)y ™\
l:___SVV‘_.F,;)V
VERTICAL I:(Tu)v’f(Tb)L

BLANKING

Lrwm

Fig. 3-23. The blanking signal is made wider than the retrace
interval.
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blanked intervai. We shall call these “inactive lines” and designate
their number by n;.  The actual number of lines which are used
actively for the presentation of pieture information, n,, depends upon
the length of time the CRT grid 1s unblanked. Thus in Ivig. 3-23, if

(r.,), = vertical unblank interval

\

(7). = vertical blank interval

b. = vertical blanking ratio ro(3-26)

_ (m). .

(r.) )

e _ n(r,). _ _n .

I'hen Mg = et () T+ 0. b, (3-27)
nb .
and "; T+ b (3-2%)

It may be seen that by having the blanking interval greater than
the flvback interval a factor of safety is provided: picture data can be
presented only on the linear portion of the sean where the require-
ments of constant beam velocity are met.  The need for distinguish-
ing between p, and b, will become apparent when we discuss scanning
generators.

IYor the sake of completeness, we may also write down a similar set

of definitions and equations for the horizontal scan.  Thus,

Let (7.), = horizontal scan interval )
(r/)n = horizontal flyback interval I
[
11 = horizontal period ]
= (To)h + (Tf)h = (7.),(1 4+ [)h) i
and pi = (o
(7:)n (3-29)
then (m)n = horizontal blanking interval !
(7.)» = horizontal unblank interval |
b, = horizontal blanking ratio
_ (74)s
(T )n
1
and note that = =
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3-7. The Random Scan

In the progressive scanning pattern just discussed, the frequencies
of the horizontal and vertical deflection components are integrally
related through n, the number of scanning lines. Under this con-
dition the lines of consecutive frames will superimpose on each other,
provided that no spurious deflections resulting from hum and pickup
are present. Such a system requires that the generators for the two
deflection components be rigidly synchronized and means for accom-
plishing this are eovered in later chapters.

Under certain conditions when the deflection at both pickup and
reproducing ends of the television system are fed directly from a
common deflection generator, a progressive scan may be used in
which the vertical and horizontal deflection generators are free-
running, no attempt being made to hold them in synchronism. This
condition makes n a variable, and even though any given frame is
scanned in a progressive pattern, lines of successive frames will not
necessarily coincide with each other. This gives what might be
termed a “random” or “helter-skelter” scan and is sometimes used in
industrial television systems. The type I closed television system
described in Chapter 8 is of this type.

3-8. Interlaced Scan

In the last chapter we saw that the interlaced system of seanning
provided a means of decreasing the effect of flicker in the televised
image without increasing the bandwidth of the transmitted signal.
We next consider the geometry of the interlaced scanning raster in
which alternate lines are scanned in sequence, each half set of lines
being termed a field.

Since the horizontal deflection component is the same in both the
progressive and interlaced scans, the x deflection will be a saw tooth
once again. The immediate problem, then, is to find what type of
y deflection will produce the desired interleafing of the two fields.

As a trial answer to the problem let us assume that the frequency
of the vertical scanning saw tooth is double its value in progressive
scanning. Then, during one field interval or the duration of a single
vertical deflection cycle, only one-half the total number of lines will be
scanned but they will be spread out over the entire picture height.
During the second field interval the remaining n/2 lines of the frame
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will be traced out. In order to interlace the lines of these two suc-
cessive fields we must make certain that the lines of the second field
fall midway between those of the first field. This condition will be
met automatically if the second field starts at a point displaced one-
half a line interval from the starting point of the first field. This
requirement, in turn, may be satisfied if 7 is an odd number, for then
the first field will end and the second field will begin in the middle of a
line. These conditions may be understood with the help of a specific
example which is shown in Ifig. 3-24. In that example the total
number of lines is 25, the horizontal flyback occupies one-sixth of the
total line interval, and the vertical flyback has a duration of one and
one-sixth line intervals. To simplify the example, the horizontal
and vertical deflections are assumed to be linear during retrace.

Before studying through the fizure we must make careful distine-
tion between the terms line “width” and line “interval” in order to
avoid confusion. By line width we mean the length of the line as it
appears on the scanned raster. Line interval refers to the duration
of one entire horizontal line period which includes both the trace and
retrace. Thus, to be accurate we should say that in interlaced
scanning where an odd number of lines is used, the first field ends
in the middle of a line interval (rather than in the middle of a line
width) and that the second field begins in the middle of a line interval.
An extension of this idea will show that the term “line” which was
used earlier in the discussion should be, more precisely, “line interval.”

A second point which needs elarification is the system used for
numbering the several horizontal lines and line intervals. It is con-
ventional to number these in sequence from top to hottom as they
appear in the complete raster. 1t follows that those lines which are
associated with the first field are all odd-numbered and those with
the second field are all even-numbered. It is convenient, therefore,
to replace the terms “first field” and “second field” by “odd field”
and “even field,” respectively.

l.et us now examine in detail Fig. 3-24a, which shows the odd field.
Because of the combined effect of the x and y deflections the scan
starts at point A. The horizontal trace lasts for five time units and
carries the spot to point B. During the horizontal retrace of one

Fig. 3-24. The interlaced scan pattern with an odd number of lines.  Suc-
cessive fields begin at points separated in time by one-half a line interval.  (a) The
odd field. (b) The even field.



TIME SCALE

l T T T T ]
1A 2 (MIDDLE
'G ( )———]
3 & ———-———7./——4————— —o0 B T
w
-2
- «
(%3
(")
w
12
=
1 3 5 7 9 " 13 15, 17 19 2L, 23, 25 2
d ' '
X -DEFLECTION ]
:
|
1
J- DEFLECTION @)
l T T T T [
1 A G )
(- e— o—_ -
4 —_“L‘___‘ - —— ——— ——
6 —_—— =<S=xJy A
v
8 ———— ——— — — —
/, =
10 —_— e ——
—\D\’i\
o ————— |
>
14 —_— e ———re——r ™ — —— —— ——

\
\
\
\
\
TIME SCALE

X - DEFLECTION Pttt

Y-DEFLECTION (b)
Fig. 3-24 (see caption on opposite page.)
73



714 CLOSED TELEVISION SYSTEMS [§3-8

time unit, the spot is carried back to the left-hand edge of the picture,
point C, where the scan of line 3 begins. The deflection in the down-
ward direction is the result of the vertical saw tooth, which increases
lincarly in time. This action continues until finally, at D, in the
23rd line interval the vertical retrace begins, and the scanning spot
moves upward toward the top of the raster. Since the slope of the
vertical saw tooth is greater during flyback than trace, the upward
motion of the spot is faster than the downward motion.

By reference to the detail of the deflections in the diagram it may
be seen that during the first three time units of the vertical flyback,
the horizontal motion is in the trace direction, and the spot will be
carried to E. During the next time unit a horizontal retrace occurs
and the spot is carried to F at the left edge of the raster. At this
point line intervals 1 through 23 are completed. The suceeeding
three time units, which belong to the first half of the line 25 interval
(remember how the lines are numbered), occur during a horizontal
trace and the spot is carried through to point (. At this point, which
occurs at the middle of the line 25 interval, the even field begins, the
downward motion starts again, and, as may be seen from the diagram,
the even lines will interlace midway between the odd lines. Interlace
1s accomplished.

The scanning pattern for the even field is illustrated at b in the
diagram. Particular note should be made of the manner in which
this field ends. As may be seen from the detail of the deflections,
the vertical trace ends at the end of line 22 trace, where the corre-
sponding spot position in the raster is //. The vertical retrace
interval is divided as follows: one time unit during a horizontal
retrace to point , 5 units to a horizontal trace to J, and the remaining
unit to the horizontal retrace which carries the spot to A, where the
entire raster begins to repeat itself for the second frame.

From this example it may be seen how the choice of an odd number
of lines that are shared equally between two identical vertical saw-
tooth deflections gives the desired 2 to 1 interlaced scanning raster,
Since the duration of the odd line (25 in the example) is shared equally
between the two fields, and the two vertical deflections are identical,
the two fields have starting points which are displaced one-half line
interval apart and proper interlace occurs. It must be stressed that
the particular vertical flyback interval of six time units which was
used in the example is not necessary to produce interlacing. The
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vertical retrace may begin at any point during the duration of a line,
the essential requirement being that the starting points of the two
fields be spaced one-half line interval apart. This condition may be
met if the number of lines is odd and if they are shared equally
between two ficlds whose vertical deflections are identical.

An ingenious system has been developed for synchronizing the
vertical and horizontal deflection generators so that these relation-
ships are maintained. 1t is illustrated in block diagram in I'ig. 3-25

MASTER
0SCILLATOR
]
2f, 2.0} > £,
J
FREQUENCY
DIVIDERS
. afi _f
N s =
2

Fig. 3-25.  Block diagram of the timing unit that provides 2 to 1
mterlace.  Both horizontal and vertical synehronizing pulses are
derived from a common oscillator operating at twice the line fre-
quency.

where f; is the horizontal seanning, or line, frequency, and f; is the
vertical seanning, or field, frequency. 1t may be scen that the re-
quired one-half line interval relationship between fields is assured
because the line and field frequencies are derived from a common
source.  Iurther details on the method of synchronization are covered
in Chapter 11.

As was the ease in progressive scanning it is necessary to blank
out the scanning beam during the horvizontal and vertical flyback
intervals in order that the picture not be contaminated.  Once again
this blanking may be obtained by applying a negative square pulse of
proper duration and frequeney to the control grid of the CRT. In
commereial practice it is usual to make the blanking pulse somewhat
longer than the ecorresponding flyback interval to ensure that the
sweep is under way before picture data are presented on the tube face.
Fig. 3-26 shows the raster of our previous example as it would appear
on a CRT when appropriate blanking signals are applied.

The equations relating the various quantities in interlaced scanning
may now be written.
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—

Fig. 3-26. The final raster produced by interlaced scanning. Al
flyback portions of the sweep in both the horizontal and vertical di-
rections have been blanked out.

Let V' = field period ]
— V” — I
- 2 - (T-‘) » + (Tf)v } (3 _30)
_1_ 1
f/ 2fp

where f; is the field frequency.

With reference to the blanking intervals, for interlaced scanning (7).
and (r.), are defined for one field and only n/2 lines occur in this
interval; therefore, eq. (3-25) through (3-29) apply to interlaced
geometry as well. One further equation may be stated which relates
the line or horizontal scanning frequency to the frame frequency,
namely,

fi=nfy (3-31)

3-9. Even-line Interlace

We have just seen that interlace requirements may be met by using
an odd number of scanning lines and a saw-tooth vertical deflection
which repeats itself at twice the frame frequency. We shall now
consider how the interlaced raster may be produced when an even
number is used. 1t is apparent that the number of lines has no effect
upon the horizontal deflection. The choice of an even n does affect
the vertical deflection however. The effect is illustrated in Fig. 3-27
where, for the sake of simplicity, only eight lines are shown and zere
fiyback time is assumed for both deflections. The odd lines are
scanned during the odd field, beginning at A and ending at B. Since
the first field terminates at the end of a line interval, the new field
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must start at the left edge of the raster. Thus, if line 2 is to fall mid-
way between lines 1 and 3, it must begin at a lower level on the raster
than point A. This may be accomplished only if the second vertical
saw-tooth differs from the first; it must begin at level ¢ rather that at

A RASTER g VSC:\'_"___"

CZ\\\\ ¢ c N
4:\\\. ! N
ek\‘- ' \\
8 = !

Fig. 3-27. Two-to-one interlace with an even number of lines.
Notice that successive cyeles of the vertical saw-tooth differ.  Zero
flyback in both directions is assumed.

level a. It is at once apparent, then, that interlace with an even
number of lines requires a vertical saw-tooth in which alternate cycies
differ, a condition which is severe on the vertical-deflection-generating
circuits. It is for this reason that odd-line interlace is standard; by
making n odd a vertical saw-tooth of twice the frame frequency
produces the required scanning geometry.

3-10. Summary

We may summarize the results of this chapter in the following
manner: The picture area may be secanned in either a progressive or
interlaced raster. In either case both the horizontal and vertical
deflections must have a saw-tooth shape. In the former system, the
vertical saw-tooth must occur at frame frequency, whereas in inter-
laced scanning the vertical saw-tooth must be at twice the frame or
field frequency. In magnetic deflection the deflection of the beam is
proportional to the deflecting current which produces the magnetic
field; in electric deflection, the deflection is proportional to the deflect-
ing voltage. Therefore we must next consider means of generating
currents and voltages of saw-tooth shape. This is the subject of the
next chapter.



CHAPTER 4
SCANNING GENERATORS

We have seen in the last chapter that the scanning requirements
are such that a saw-tooth wave form of voltage is required in electro-
static deflection and a saw-tooth wave form of current in magnetic
deflection. In this chapter we shall discuss several of the various
generator circuits which are commonly used to produce these waves.
As a starting point we consider the simple series combination of
resistance, capacitance, and e.m.f., which circuit forms the basis for
all these generator cireuits.

4-1. Transients in the R-C Circuit

Although the transient solutions for voltage and current in this
simple circuit are well known, we shall review a few of the prineipal
relationships, taking into account general boundary conditions.

R R

Epp = /lC\A Cl- T(VC)C /L? ClI(vC)d

(a) (b)

Fig. 4-1. The series R-C’ circuit is the basie eircuit for saw-tooth
generation.  The condenser is assumed to have an initial voltage E..

Thus, in Fig. 4-1a, we have for a condenser uncharged at { = 0 and
charging from the batterv Iy,

()e = Ew(l — et/7) (4-1)
i = FI—:,” T (4-2)

And similarly during discharge, where E. is the initial voltage on C
at t =0,
78
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(vr)d = L€ ur (4—3)
i = — ﬁ—f T (4-4)

And in all four of the above equations

e = Napierian base

~3
I

= time constant of the circuit (4-5)

RC seconds

where R is given in ohms and C in farads.

Now, in the general case, at { = 0 and with a battery in the circuit
the condenser will have an initial voltage E.. Since the circuit is
composed of linear, bilateral impedances, the solution for this general
case may be obtained by use of the superposition theorem. Thus,
by combining (4-1) and (4-3), when

ve = Iv. at t=20
then e = (0)e + We)a = Koo — (Epp — E)e T (4-6)
and, similarly, for the currents
T

§ = e da = ST (4-7)

These equations show that the relative magnitudes of Ey and E.
determine whether the condenser voltage increases or decreases. In

Epple — — e -
b e
o (Ebb-Ec) 2t 8
e Epb ~(Epp-Ec) € T (CHARGING) <
i t 23
o (Epb-E¢) €T (CHARGING) io
Lﬁ Ve 7 1(Ec-Ebb) € T (DISCHARGING) o
5 g Sob w2
- w
z S~.Ect (Ec-Epp) €T (DISCHARGING) 3
3 ~Ne 3
EcF 0 T T 1Eb
i 1 1 1 1 S 4 1
0 1 2 3 4 5
ts

Fig. 4-2. Charge and discharge curves for the R-C' eircuit.
E. = initial condenser voltage, Ky = battery voltage, T = cireuit
N " b ., b
time constant.
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either case, the voltage follows an exponential curve in time as does
the current. Typical curves are shown in Fig. 4-2. From these it
may also be scen that the change in condenser voltage or voltage
swing is limited to the difference between battery and initial con-
denser voltages.

4-92. Generators of Saw-tooth Voltage

The principle of using a series R—C circuit for the generation of
a saw-tooth voltage may be stated qualitatively in the following
terms: The initial build-up part of the charging curve of Fig. 4-2
looks “fairly linear.” 'Thus, if the ratio of charging time, ., to
charging time constant, T., were sufficiently small, the build-up of
voltage would be approximately linear. At ¢ = 7. the condenser
must be discharged to furnish the flyback portion of the saw-tooth
wave. In Fig. 4-3 is shown a simple switch-operated version of the
saw-tooth voltage generator and the voltage developed across the
condenser. At t = 0, S is opened and v builds up along the expo-
nential curve a. At ¢ = t, S is closed and v. decreases exponentially

R

I S
=L C:“—
Epb -I- Ry

a)

Fig. 4-3. The cireuit is modified to produce saw-tooth waves.
(a) A switch and a resistor, R4, are shunted across the condenser.
(b) An exponential saw-tooth voltage is developed across (' when the
switch is opened and closed periodieally.

R H R+ Ry E
| l !
! |
= ' = Rg S
Eob-=- i ¢ Fbb o rg } ¢
i |
@ ®

Fig. 4-4. The discharge cireuit of Fig. 4-3 is simp]iﬁed. by ap-
plication of Thevenin’s theorem. (a) The equivalent discharge
circuit.  (b) The simplified discharge circuit.
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along b until at t = £, S is opened again, and the cycle repeats itself.
It is of importance to notice here that the charge and discharge inter-
vals, 7, and 74, respectively, are determined by the operation of the
switch. It is of further importance for future work to notice the
cquivalent charge and discharge circuits. Since during charge S
is open, the equivalent charge circuit is identical to that of Fig. 4-1.
On discharge, however, S is closed, causing 24 to be shunted across
the condenser. In order to simplify the analysis Thevenin’s theorem
may be applied to the battery circuit, with the result shown at b
in Fig. 44. Y¥rom this it may be seen that (1) E,, the voltage at

‘ - R4 ) .
to, t2, ts, ete., cannot be less than Ey 7 and (2) T, the dis-

charge time constant, is given by

_ RR,4
1o = (13 + m) ¢ “-8)
Since the charging time constant is given by

T. = RC (4-9)

it follows that the condenser discharges at a faster rate than it charges.
Furthermore, the lower the value of 24, the shorter will be the dis-
charge-time constant. This makes for a greater loss of condenser
voltage during the discharge interval.

Td=f»2—f»1=L1—f»3="'

Thus, while the circuit of Fig. 4-3 serves to illustrate the principle of
saw-tooth voltage generation, two questions must be cleared up in
order to make it a practical device: IFirst, what limits are placed on
the ratio of charge time to time constant, 7./ T, to satisfy the linearity
requirements of the television scan, and, second, what sort of auto-
matic discharge device may be used to replace the switch S, shown
in the diagram?

The question of linearity may be approached by expanding the
exponential factor of eq. (4-6) in a power series. Thus the condenser
voltage during the charge interval becomes

{

' K Lo ftN LN ]
ve = Iy, — (ko — E.) |:1 — Tr+ B<T> |§<Tr> + :] (4-10)

Then, removing the first term from the brackets and factoring out
(—=1), we get
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v = E. + (Ew — E) [Ti - L%(%) + [;(Ti) - ] (4-11)

In (4-11) it may be seen that the first term in the brackets represents
a linear build-up of voltage, whereas the remaining terms cause
curvature. ‘The problem then is to keep t/T. sufficiently low so that
these higher order terms will be negligible relative to the first.

It may also be shown that the first term gives a slope equal to the
initial slope of the actual exponential curve at t = 0, for by differ-
entiating (4-6) we get
dv, 1 _ Ew — 1«;,]

t=0

a = Ew— BT T

(4-12)
The first three terms of the power expansion are plotted in Fig. 4-5.
Inspection of these curves shows that at least {/T. must be restricted
to values below 0.5. This restriction also simplifies calculations

T T I ! 1]
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| | L\ 7
| l S E. - (Tc [/ ]
| | ' | //‘1
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S| —l f\ 7 |
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0.4 —‘—ﬂ—,—‘/- "‘ T —
v
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Fig. 4-5. The first three terms of eq. (4-11).

because lower values of the time ratio render the third and higher
order terms negligibly small. Then, if we assume that the curvature
of the voltage », time curve is the result of thz second-order term
alone, we may define the departure from lincarity as the difference
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between the ideal and actual eurves expressed as a fraction of the

available charging voltage (Ew — E.). This definition may be sim-
plified as follows:

=3 o) 0]

(Fw — E.)

L <L>2 1009 (4-13)

2\T.

By means of this equation we can determine the maximun permissible
value of ({/7.) for any given degree of linearity.  lor example, say
that the actual curve is never to depart from a linear build-up by
more than 2 per cent. Then, by (4-13), the limitation on (t/7T)

will be
1/¢t\2 ¢
s(7) <002 (5) <02

During this interval the corresponding change in condenser voltage
which will be the sweep voltage will have the value

Ae. ~ (Ew — E.) (IL

o

) ~ 0.2(Fy — K

This last equation shows one of the principal disadvantages of the
R-C cireuit as a sweep-voltage generator.  The choice of a low value
of (t/T.) in the interests of linearity results in a poor conversion of
available voltage (Ky — ) to sweep voltage, Ae,, the conversion
ratio being approximately (/7).

To a certain extent this low value of conversion ratio is caused by
our choice of the unity-slope line as the reference of linearity. An
obvious question, then, is whether some other reference of linearity
can be chosen that will allow a greater output voltage for the same
departure from the reference. In following this line of thought
Fig. 4-5 may be of help, for the actual build-up curve lies below the
reference curve for all values of time other than zero. Why not
choose as a referenee some straight line which cuts across the ex-
ponential so that for part of the time the exponential is slightly above
the reference and for part, below? Inspection of the curves shows
that a reference line of slope between 0.8 and 0.9 would meet this
requirement. A good compromise of 0.85 has been suggested by
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Fink.! Using this as the reference of linearity, we may define 8" as
the difference between the ideal (slope = 0.85) and actual curves
expressed as a fraction of the available charging voltage. It follows

at once that 6’ is
NAN VAANR VAT
0'8')(7',‘) [(T) 2 (’1‘)]

—0.15 (Ti) + % (TL) (4-14)

8’ and its components are plotted in Fig. 4-6.
The allowable time ratio for a given 8’ may now be calculated. We
choose a 8 of =1 per cent to correspond to the 42 per cent of the

6’

v 0.06 T
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Fig. 4-6. (a) The first two terms of the charging curve, and the

reference of linearity, (b) The departure from linearity plotted
on an expanded seale.

previous example. This with (4-14) yields a value of (t/T.) of
approximately 0.4 and a corresponding output voltage swing of
0.33 (Ew — E.). Thus, by choosing a different reference line for the
linearity check, we have obtained a gain of roughly 1.6 in the con-
version ratio of available swing to sweep-voltage output.

A moment’s reflection will show that even though & is within the

' D. G. Fink, Principles of Television Engineering.  New York: MeGraw-Hill
Book Co., Inc., 1940,
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limits of 21 per cent, the actual percentage error between the actual
and reference curves may rise to over 5 per cent within the range

0 < E,,t— < 04. Thus we shall consider the 0.4 figure to be the upper

limit of time ratio permissible. Lowering this value purchases linear-
ity at the expense of output voltage swing, but this is easily remedied
by the addition of amplification.
We may now translate these results into a design condition. Since
L\ . . . .
(i) is not to exceed 0.4, for any given charging interval, 7., the
circuit must have a time constant which satisfies the inequality

] 7.
T.= RC 2> 04 (4-15)
We may now summarize the charge circuit by reviewing the design
conditions. The v and h subseripts are omitted because the follow-
ing equations apply to either of the two deflection systems, the hori-
zontal or the vertical.
Given 7, and 7, for the system, 7, and 7; are chosen such that

Ta = U
and Tet T =Tt T
Let T B @ and T4 = 1/ (4-16)
Te
Then T.= RC > 04

This specifies the R-C product.

It remains to consider the discharge part-cycle, which is easier to
handle because no linearity requirement need he met. The chief
concern is to make E. as small as possible, and from Fig. 4-2 we see
that if ¢/Tqis 5 or greater, this will be accomplished to all intents.

Thus, if
_ (_RR4 74
T"_(R+Rd)cs5
R (4-17)
R ¢
then E. = Ey R+ R

Judicious algebraic manipulation and the arbitrary choice of one of
the variables permits solution for the other two. Typical values for i
range from 100 kilohms to 1 megohm. A typical design problem
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will be considered after we have found a means of replacing the
manually operated discharge switeh.

In the foregoing paragraphs the linear sweep is developed by using
only a small portion of the build-up voltage across a charging con-
denser, the deviation from linearity being determined by the ratio
of charge time to time constant, This system has the disadvantage
that good linearity can be had only with loss of output voltage. An
alternate approach to saw-tooth voltage generation overcomes this
disadvantage but requires the addition of another vacuum tube in
the cireuit and may be termed a constant-current-charging circuit.
In Fig. 4-7 the charging resistor of the previous circuit is replaced

: 1

Fig. 4-7. Constant-current charging c¢ireuit that employs a voltage-
saturated pentode.

by a voltage-saturated pentode that acts as a variable resistor or
current limiter, which over a relatively large range of operating
voltages passes a constant current /.. Then, since the voltage across
the condenser is the time integral of charging current,

¢
re = f],(ﬂ = [l (4-18)
Jo

Thus the circuit delivers a lincarly inereasing voltage within the limits
that V1 can hold the charging current constant.  The advantages of
increased output voltage and lincarity provided by this circuit do
not sufficiently outweigh the simplicity of the series R-C circuit,
however.  Generally the output of Iig. 4-7 will not be sufficiently
great to meet normal sean requirements and a stage or more of ampli-
fication is necessary. Because of this, the practice has been to use
the series ?-C generator with amplification to provide the saw-tooth
sweep voltage required for electrostatie deflection.
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4-3. Trigger Tubes

Since we have investigated the linearity requirements on the saw-
tooth voltage generator, we must now answer the second question
posed earlier in section 4-2, namely, what automatic circuit or device
can he used to replace the discharge switeh S shown in the last two
circuit diagrams. Such a switching deviee must meet a minimum of
three requirements:

(1) It must have a relatively low internal resistance, R4, so that
the discharging time constant of the circuit will be low.

(2) It must be subject to control by an externally supplied syn-
chronizing voltage.

(3) It must be positive in its “open” and ‘“‘close” operations.
These requirements ave met in some degree by gas-filled triodes or
thyratrons and by hard triodes. Consider first the thyratron trigger
circuit.

In Fig. 4-8a the thyratron grid is biased low enough so that the
maximum condenser voltage will not cause conduction. Under this
condition, C will charge until the positive pulse of synchronizing

CURRENT LIMITING
RESISTOR

Al
Fil
O

g} ]
(@]

@) (b) BlS

Fig. 4-8. (a) Thyratron trigger tube circuit. (b) Feedback-
stabilized thyratron sweep circuit according to Kock. (Courtesy of
Electronies.)

voltage allows the are to be established. This conduction allows C
to discharge until its voltage drops to the extinction voltage for the
gas-triode, causing the are to be extinguished, and the charge cycle
is reinitiated. The cuwrrent limiting resistor is required to protect
the thyratron from excess current during the condenser discharge.
Clearly, in this case the charging time is determined by the inter-
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synchronizing pulse interval and the length of time required for
the arc to extinguish.

It follows, therefore, that the thyratron meets the first two require-
ments for a satisfactory trigger tube but unfortunately it falls short
of the third requirement. The crossover from conduction to non-
conduction in such a gas-filled tube takes a finite length of time, which
may be explained on the following basis. Onece the are has been
established by the grid going above its critical value, the gas mole-
cules in the tube envelope ionize and the are is established. At the
end of the synchronizing pulse the grid returns to a negative value
determined by the bias and it becomes sheathed by a layer of positive
ions. Thus the grid cannot regain control of the tube until these
sheath ions have recombined with free electrons to form neutral gas
molecules. These positive ions have relatively large mass and diffuse
slowly to recombine with the electrons. The minimum time in which
this recombination oceurs after the reduetion of anode voltage is
termed the deionization time.?

It can be seen, therefore, that the off-position of the switch is not
controlled by the termination of the synchronizing pulse, but depends
also upon the time required for v, to drop to the deionization voltage
of the tube and upon the tube’s deionization time. This latter also
depends upon gas pressure, temperature, and aging. Thus, positive
control of the switching action by the synchronizing voltage is not
provided.

A further complication rises in that the deionization time of typical
tubes used for this service, such as the 884 and 6Q5, ranges in the
order of 10 microseconds or more and may become a considerable
fraction of the total period for one scan. These disadvantages have
rendered obsolete the use of gas-filled tubes in scanning generators
for television service.

It should be mentioned, however, that considerable improvement
in the stability of a gas-tube triggered sweep circuit may be obtained
by the application of feedback. Iock® has described such a cireuit
in which plate-to-grid feedback is provided by the resistor Rs, shown
in Fig. 4-8b. If R, and R. are approximately equal, the ignition

2 J. Millman and 8. Sceley, Electronics. New York: McGraw-Hill Book Co.,
Ine., 1941,

3W. E. Kock, “A Stabilized Sweep Cireuit Oscillator.”  Electronics, 12, 4
(April 1939).
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potential of the tube is practically independent of such factors as
electrode spacing and gas pressure in the tube. IKock also claims a
decrease in deionization time caused by the negative throw applied
to the grid by the feedback circuit at the instant of conduction.

Since the prime objections to the gas-filled trigger tube may be
traced back to phenomena associated with the gas itself, it seems that
a more desirable approach to the problem would be to replace the gas
tube with a vacuum tube. This is the procedure which is normally
followed, a typical circuit being shown in Fig. 4-9a. In essence the
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Fig. 4 9. (a)Saw-tooth generator employing a vacuum discharge
tube.  (b) Determination of the equivalent discharge resistance of
the tube. The lower load line is for the illustrative example on
page 90.

operation of the circuit is this: The discharge tube is normally biased
beyond cutoff, and C charges from Ey through R. The build-up of
sweep voltage across the condenser is terminated by driving the tube
into conduction, which allows the condenser to discharge through the
tube itself. The duration of the condenser discharge is controlled
wholly by the tube conduction and hence by the positive driving
pulse on the grid of the tube. In order to analyze the action of the
circuit carefully, we must consider what takes place first in the grid
circuit and then in the plate circuit.

Notice that we have required in the above description that the grid
be biased beyond cutoff and yet the circuit shows the grid return
connected to the cathode. Actually the necessary bias is developed
by a clamping action of the grid circuit. Consider the following
action: A positive pulse is applied at the input side of the coupling
condenser, C.. Since no bias is present, the pulse drives the grid
positive, causing grid current to flow. Also, during the positive
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pulse, C. charges throngh the parallel combination of R. and the grid-
to-cathode conduction resistance of the tube.

At the end of the positive pulse, grid current stops flowing and C.
discharges. Since the grid-to-cathode resistance is infinite in this
condition, C. discharges at a slower rate until the next positive pulse
occurs and the entire evele repeats itself.  Notice that the discharge
current flows in such a direetion that the voltage drop across 2. makes
the grid negative relative to the eathode.  After a sufficient number of
cveles have oceurred, a steady state or repetitive condition exists, such
that the charge lost by €. between pulses is equal to the charge gained
during a pulse. This steady state results in a negative bias across
R, of such a magnitude that the grid is held at nearly zero volts during
the positive applied pulse. Thus the flow of grid current develops
the required cutoff bias and the positive pulse s elamped at nearly
zero volts on the grid. The action may be summarized this way:
The applied positive, triggering pulse causes the grid to swing hetween
cutoff and zero voltage, thereby controlling the charge and discharge
of the I-C sweep-generating circuit.  Then, if the pulse amplitude,
E, is equal to or greater than the magnitude of the cutoff bias for the
tube, the latter will be biased below cutoff during the interpulse
periods.

Returning to the action in the plate eircuit we require the value of
the discharge resistance, R4, which is the equivalent plate-to-cathode
resistance of the tube when it is conducting.  We must now consider
how its value may be determined.  Since the grid voltage remains at
approximately zero during the entire conduction interval of the tube,
and since Ey, and R are known, the point .1, the intersection of the
d-e load line and the ¢, = 0 static plate characteristic curve, may be
determined as shown in Fig, 4-9b. Then Ry is the ratio of Ey and I,
the voltage and current at that point.

We may now consider the design of a tyvpical sweep-generating
cireuit to illustrate our work this far:

Design a horizontal saw-tooth sweep generator where the line
interval is 63.5 microseconds and the flvback ratio 1 to 19. The
linearity is to remain within the imits &1 per cent. A supply voltage
of 250 volts is available and a 6SN7 is used as the discharge tube.

We first caleulate the values of the R-C charging cireuit. Thus,
by the specifications, 2
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H=r+71=1(4+p

M s (19) — 604 mierosceonds
or =7 o 63.5 (20) = 6().4 microseconds
T 60.4
then T.= RC = 04= 04 = 151 microseconds

As a starting point let us assume a value of C. thus,
¢ = 100 micromicrofarads

151 X 108
then R = BRI R

= 1.51 megohms

We must now check the discharge part-cyele. To do this we first
calculate the static plate resistance of the discharge tube. This
caleulation is illustrated at b in Fig. 4-9, where a 1.51-megohm load
line is drawn. Then, from the diagram,

The discharge time constant will be:
Ti=Ri€C = (4 X 10107 = 4 microseconds

1t is at once apparent that the discharge interval, 7;, is not five or
more times greater than the discharge time constant, 7'y; therefore
we cannot assume that the condenser discharges to Ewla/(R + Ry)
as might be expected from eq. (4-17). On the contrary, the final
voltage on the condenser at the end of each discharge part-cycle will
increase until a repetitive steady state condition is reached. Once
this repetitive condition is reached, the final voltage at the end of a
charge part-cvele, namely

Do — (Ewy — E)em/Te
must be the initial condenser voltage at the beginning ¢f the next

lischarge part-cyele.  Thus, we may equate these two boundary
values and obtain Ly means of eq. (4-6)

SN RN LU IR £ N (¢ R T e — B Y=/ T~/ T,
Ee=Bwp T, {L”” Rt R, e = (s — Eoe ],-e o/Ta
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whence
E. = ,_,L
=6 = (1 — e—(r./T¢+1//'l'a))

Ra
—f (1 — —1g/ T4 —11/Ts — ¢—(ra/Tet74/Ta)
[1{+R.,( ) e ¢ ]
where E. is the minimum voltage to which the condenser discharges.
Substitution of the various quantities yields the value

E. = 60 volts
and the total sweep voltage swing will be

Ae. =~ 33(Ew — E.) =~ 62.8 volts

At this point a digression on the philosophy of synchronization is
in order. In our preliminary discussions on picture transmission it
was shown that some sort of synchronizing signal is required in the
picture system to ensure lock-in of the scan at pickup and playback
ends. Extending this idea we can anticipate that both horizontal-
sean and vertical-scan synchronizing signals are required because
these two components take place more or less independently. Let
us assume for the discussion that a train of properly spaced square
pulses of required duration is available to synchronize one of the
sweep-voltage generators described above. Synchronization could
then be accomplished by application of these pulses directly to the
control grid of the trigger tube used.

Although such a proposal is entirely feasible it does not find general
acceptance, particularly in television broadcasting systems where
radio transmission is involved. In this type of system two probable
difficulties are present. First, if because of fading or some other
phenomenon synchronization signals are not received for an interval,
the sweep circuit cannot discharge. This means an undeflected spot
on the cathode-ray tube, resulting in burning of the screen.

Secondly, if randomly spaced noise pulses of the same polarity as
the sync are picked up in transmission, the generator may be fired at
incorrect intervals with a disruption of the correct scanning pattern.

In an attempt to minimize these difficulties, it is common practice
to drive the grid of the trigger tube from the output of some form of
impulse oscillator, which, in turn, is held to the correct frequency
by the synchronizing signals. If this device be used, loss of syne will
upset the scanning pattern but the spot will continue to be deflected
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across the face of the cathode-ray tube at a slower rate determined by
the unsynchronized oscillator and no screen burn will result.

In reference to the second difficulty, in the postwar period several
forms of essentially long-time-constant oscillator circuits have been
developed, which have greatly increased the immunity to noise im-
pulses. These circuits are of a special nature and are discussed in
connection with commercial telecasting receivers.

The impulse oscillators used for driving the sweep generator find
several other uses in the television system. We shall, however,
discuss two of the principal types in the present chapter so that the
design of an entire sweep channel may be covered as a unit. The first
of these impulse generators to be discussed is the multivibrator.

4—4. Multivibrator

The basic circuit of the multivibrator, shown in Fig. 4-10, consists
of a two-stage resistance coupled amplifier employing regeneration,
but the circuit constants are so chosen that a pulse output is derived.

Fig. 4-10. The multivibrator.

Whereas the operation of the circuit may be described on the basis of a
regenerative amplifier, a more powerful approach, developed by
Shenk,* which yields design equations, is that which considers the
circuit as comprising two switches. On this basis assume that V, is
conducting and that C,, which has been charged previously, is dis-
charging through V;. The rveturn circuit for this discharge current
is through R, and a negative voltage is developed across R, which
appears on the grid of V,. This state, during which V is conducting

4 E. R. Shenk, “The Multivibrator,” Parts I, I, and HI.  Electronics, 17, 1, 2,
and 3 (January, February, Mareh 1944).
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and 17 is ent off, prevails until the decrease in current through R,
causes the voltage developed on the grid of Vs to reach eutoff, when 17,
conducts.  The resulting drop in plate voltage of T, is coupled
through ', to 17, driving it below cutoff.  Then a similar state pre-
vails, except that 1z and Vy have interchanged roles. At the instant
when T, begins to conduet, (2 begins to charge through s, causing
the grid of 175 to go positive. It is this positive pulse which may be
used to trigger the discharge tube of the sweep-generating circuit.
These various statements may be stated precisely in mathematical
form and can be made to yield a set of equations that permit design
of a multivibrator to give an output pulse of specified width at a
specified frequency or pulse-repetition rate.  The basis of the design,
then, is that we shall assume two states of operation in the circuit
which last for 71 and 7, respectively, where

71 = interval during which ¥V, is cut off and V, conduets
and (4-19)
1o = interval during which 17 is eut off and 17y conducts

The change from one state to the other will be assumed to take place
instantaneously. Thus each tube is in one of two stuiic conditions,
conduction at fixed plate voltage and essentially zero grid voltage,
and nonconduction with the grid biased below cutoff.

As an initial condition we shall assume the cireuit is in the 7. part-
cyele, ie., Vais cut off and 17 is condueting.  Also assume that 17,
has been cut off for a sufficiently long interval that 'y is charged up to
the full supply roltuge Ew. Some transient causes the switching
action to oceur, and the plate voltage of 15 drops.  Since this causes
the voltage on the V7, side of ) to decrease, (' will start to discharge
through the equivalent cireuit, given in Fig. 4-11.  The arrow diree-

’ sz R4
C Re= 51w
e M ‘L _Rpa*Rs
1S 1
I
i
I Ry <
A ) I S i — Rp,
eQT ?& [® E sz }R| ‘D = Epp Re,*Ra
1 —=-Epp
I T
T
1

INITIAL VOLTAGE ON C;= Epp

Fig. 4-11.  Equivalent discharge eireuit of €, during the interval 7,
when Vs eut off.
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tion of current is chosen to be the same as that defined for the series
R-C circuit in section 4-1, and
R,» = equivalent static-plate resistance of 1,

during conduction. (4-20)

At b in the diagram the battery and resistance network to the right
of the dotted line has been replaced by its equivalent according to
Thevenin’s theorem. Then, since the circuit is a simple series R-C
network, eq. (4-7) may be applied directly and we have

P PPN ¢ S N 3
YT R+ Ry TP R+ RY 5

_ Ew R
Ri+ R | Ry + R

where T, = discharge time constant for C, L (4-21)
= (1\’1 + I\’4')Cl
R (79917
and R =R TR )

By inspection of the circuit diagram the grid voltage on V' is the R
drop across R;. Thus,

e = grid voltage on 1,
_ o _Ewky R, T
Ri+ R/ Rp+ R
= —E;,bklé_l/’“ (4—22)
where
_ I\’l ]\’4 o 1 . o ’ —
k= AR Fmt i1+ Ry for generally Ry > > R,/ (4-23)

R,
Equation (4-22) shows that the grid voltage on T’ starts at (—kiEw)
and increases (i.e., becomes less negative) exponentially in time.
If K., is the cutoff voltage of the tube, at
t=mn 1 = K1 (4-24)
and V,; conducts, simultancously terminating the 7, part-cycle and

initiating the 7, part-cycle. Substitution of the terminal condition
in (4-22) vields
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Fig. 4-12.  The grid voltage on V) increases exponentially
toward zero until eutoff voltage is reached at ¢t = 7.

Et‘al = = klEbbG—"/Tl (4—25)

Simplification of the design equations results if we define a cutoff
amplification factor

L
Mool = — Iﬂbb (4—26)
“rol

Now, if (4-25) and (4-26) be combined and the natural logarithm
taken of both sides, there results

T1

Lo ln (klﬂt'al)

Now subject to the same assumption that C; starts to discharge
from an initial voltage equal to the supply voltage Ky, we may write
down a similar set of equations which govern the discharge of C,
during the 7, part-cvele. Thus we have

T (4-27)

T. = discharge time constant for C, (4-28)
= (Ry + RY)C,
B3R,
R/ — 1-29
= T + R (4-29)
R, = equivalent static plate resistance of
V1 during conduction
o — R, R;
PR+ Ry R+ Ry
~
T 14 Rn for generally R, > > Ry (4-30)

Rs
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peoz = cutoff amplification factor of V
_ _ Ly -
" Ew (4-31)
and
T o (4-32)

27 1n (kopteor)

The frequency or pulse repetition rate of the output will be

1
/= 71+ 72
Notice that all of the quantities in the above equations are fixed
circuit parameters or time intervals, which are part of the design
specifications, except for the static plate resistances, R, and Ry, and
the cutoff amplification factors, pea and p.  These quantities may
be determined to a sufficient degree of accuracy from the static plate
characteristics of the tubes used in the manner indicated in Fig. 4-13.

(4-33)

—_ s
@=-ARC TAN -

E, Epb ep

Fig. 4 13. Determination of R, and g from the static plate
characteristies of V.

tea is the ratio of supply voltage to grid voltage which produces cut-
off. Some philosophical arguments may be raised against this method
of determining cutoff amplification factors because there is some
doubt as to what value of plate current may be called cutoff. Stated
more precisely, shall we say that the tube is conducting when 1 micro-
ampere flows or 500 microamperes or some other value? Since we
have assumed that the change over from nonconduction to steady-
state conduction condition is instantaneous, some sort of compromise
is needed. Shenk has presented data to cover this, but for most
design problems the method indicated in the figure for calculating
uea 18 sufficiently accurate.
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Ry is evaluated on the basis that 1y conducts with approximately
zero volts on its grid and with a plate voltage E; equal to the supply
voltage minus the drop in the plate load resistance, or

El = 1':1,1, — ]1[\)3 (4—34)
£
I
where both E; and I may be determined from the plate characteristics
when Fy, and R; ave given. 1t should be apparent that R and pep
are evaluated in the same manner from the plate characteristics of 17,
Generally ¥V and 17, are identieal halves of a twin triode such as the
6SN7 or the 651.7, in which case geor and uee will be identical.  The
static plate resistances will also be equal, provided that R, and Ry,
the plate load resistances, are the same.

Now it might appear that eqs. (4-21) through (4-35) can he manipu-
lated to permit design of the multivibrator for given values of 7, and
me. I this were true, it would appear that some control could be had
over the shape of the output waves beeause the ratio of /T, for
example, determines the shape of e, This is illustrated in Fig. 4-14.

then Ry = (4-35)

not ul t

ec,
Eeoyf-~-~---===
(a) (b}

Fig, 4-1.t.  Lffect of 7,/Ty on the wave form of grid voltage.

(a) 71/T1 small;
(b) m1/T\ large.

Unfortunately the statements of the last paragraph are not true
because all of the design cquations presented above presume that
Ci is charged to Jy, at the beginning of the 71 part-eycele, and (4 is
charged to Ky at the beginning of 7. These two assumptions must
be met or the foregoing equations are invalid. Hence we now in-
vestigate the charging of ('; during the interval 7., It will be seen
that this will place a restriction on the upper limit of the product
(Rg 4+ RyCh.

First we note that the final charge on C; at the end of 7; must be
equal to the initial charge on C; at the beginning of the 7, interval.
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This transition value of condenser voltage 1o may be obtained by
the application of Kirchhoff’s voltage law to Fig. 4-11. R, will
generally be negligibly small compared to 12, thus at ¢ =

LT
R+ R
= initial voltage on C,

at the beginning of the . part-cycle. (4-36)

Va =k — Een

During 7, the equivalent charge cirenit for (') is that of I'ig. 415,
The direction of the charge current 7. is such that ey goes slightly
positive and grid current flows in the tube. R, is the equivalent

Cy R‘

{—

< _
GC|T §Rg' F(, —_ Ebb GC|T
Rg, A1500 0
(a) <«< Ry (b)

Fig. 4-15.  quivalent charge eireuit of 'y during the interval Ty
when Vi is cut off,

static grid resistance of the tube and generally is in the order of
1500 ohms. Ry is usually very much greater and Iig. 4-15b shows
the approximate circuit where the shunting effect of Ry across R, is
neglected.

Since the resulting circuit comprises resistance and eapacitance in
series with a battery, we may utilize cq. (4-6), which yields

Ve = Iy — (Fopp — Vep)e /(RatROC (4-37)
But our design assumption is that at t = 75, ». = 4, henee

1’:51, — Ebb . (I':bb . V”)e-—n/(l?,,x-{—Ra)(‘l

Or rkl ] e~/ (Ra+RIC — ) (4-38)
v Meot

Theoretically this condition cannot be satisfied unless the time con-

stant for the circuit is zero or 7, is infinite. These conditions are

impossible to satisfy but a good engincering compromise is possible
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because the term in the brackets will always be less than unity.

Thus, if (Rm > 5 the left-hand member of eq. (4-38) will not

exceed 0.01. This will be assumed satisfactory. Hence, a maximum
value of Ci may be specified

T2

max — = N 4_39
Ci 5(Rg1 + Ra) 2
and, similarly for the other half-circuit,

C2 max — L (4—40)

5(Rp2 + K3)

We see, then, that the intervals =, and r, are determined by the
charging time constants T, and T, respectively. But since Ci must
charge to supply voltage while C is discharging during =, and vice
versa, maximum values for the capacitances are limited by the time
available for them to recharge.

The equations which have been derived may now be collected into
a design procedure.

4-5. Design Procedure for the Multivibrator

Given 71, 72, and Ep.
(1) Pick a tube, generally a 6SN7 or 6SL7.
(2) From E and the tube characteristics calculate pco and peos.

‘Where double triodes are used, these two values are equal.
(3) Choose R, generally not to exceed 50 to 100 kilohms.

K,

(4) Caleulate Ry = I_ (4-35)
2
P S S _
(5) Calculate Ry ke = sz + (4-21)
1
(6) Calculate k= - R (4-23)
Ry
= —Tl— —
(7) Calculate T, In Ghumead) (4-27)

(8) Since R, must be at least 10 kilohms or more in order to validate
the assumption that it has negligible shunting effect on R, choose
R, > 10 kilohms. Then
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T _
i = (B + RY) (4-21)
(9) Check that Cy is less than Ci .. which is given hy
Cl max — L a— (4‘39)

5(Ry + Ry

If this condition is not satisfied, assume a larger value for R, and
repeat step (8). The right-hand section of the multivibrator is then
completed. The procedure is then repeated for the left-hand seetion.

In regard to the latter it is sometimes possible to choose R; = R,
and R, = R, and a simple sct of equations for the left-hand section
results. Thus if

I‘)s = If4 and R2 = Rl

ke = Ry
and, from (4-27), T, =7
T1 T1
From (4—21) Cz = Cl% = C1:—2 (4“41)
1 1

Since the same tube types are generally used in multivibrator
circuits, some simplification may be realized by using design curves
for the particular tube used. TFor example, Fig. 4+-16a shows the

o

Rp, (sz) IN KQ

w
o~ ® o

N
&

n
=]

w

T2/T; (T /%)

' V T | ISO-V =Epp =250V (
=Epp = b

LO—%»—T 17T T 7_4_ _
| 1]

0.5 l I ! | ! l ‘ ! 1

O 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60
R3(Rg) IN KN

Fig. 4-16. Design curves for the multivibrator. (a) &, for a
6SN7 (dashed line) and a 6SL7. (b) T/r for the same tubes, after
Shenk.  (Courtesy of Electronics.)
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variation of R with I, for a 6SN7. For a given Ew, pe. is constant
and Eueor 15 a function of Ry alone. Thus, from (4-27), T/7 may be
plotted against R4 for a given tube.  Curves of this type, developed
by Shenk, are shown in Fig. 4-16b.  In these curves Shenk assumes
that &/ I, remains constant over the normal range of Ky, as indicated
in the figure.

It must be stressed that the design procedure just outlined negleets
the effects of shunt capacitance and henee takes no account of the
rise time of the output wave forms. lFurthermore the procedure
does not allow designing for a given output pulse amplitude because
it is based on a somewhat artificial and nonessential condition that
both C; and 'y charge up to the full battery voltage K.  This con-
dition does simplifv the design equations and certainly the metbod
is useful in illustrating the manner in which design of the multivi-
brator may be handled.

Let us now apply our results to a tvpical problem: Design a free-
running multivibrator for which 75 and 7, are 70 and 5 psee, respee-
tively. A 6SNT7 is to be used and a plate supply voltage of 250 volts
is available.

(1) Choose a 6SNT.

N . 250 -

(2) From Fig. 4-9, peot = peoz = peo = T6 = 15.6.

(3) Since the time intervals involved are comparatively short,
we choose a value of I, on the low side of the recommended limits;
hence, let R4 = 40 kilohms.

(4) For this example Fig. 4-16a may be used to determine R .

Ry = 9.9 kilohms

@ 7= 7 = (79 35)
(0.101 4+ 0.025)107% = 0.126 X 1073
Ry = 7.94 kilohms
1 1 |

) 0] = = = = 8 2
(6) ki L EeT 00 12w 0.80
Ry 40
Fapeo = (0.802)(15.6) = 12.5
~ —6 ¢ —6
) Tie—T P X107 5 X107 oos e

In (kipeo) In 12.5 2.52
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(8) Let R = 10 kilohms
Ti 1985 X 10° 1985 X 105
Then  Ci= g p0 = (10 + 7.9010° = 1794 X 108 — 110w
(9) Cl max — Lk

N _ 70X 108
5(Ra + IRy 5(1.5 + 40)108
70 X 108

= 510 - 37wl

Hence the calculated value of C; is satisfactory.

For the left-hand portion of the circuit,
(10) Iet

R; Ry
and s = R,
C, = 01:—2 = 110<’0

T> = 0.00154 pf
1 D
Since ;1 = R, it is clear that

Then

C2 max

71
= Cl max _

9

337 (_i> — 245 uuf
70

Notice that in this case the simplified design procedure fails (as it
usually will unless 7,

7o) and we must repeat the longer design.
(10a) Since 7; < 72 we must find some means of raising the value
of Coumax.  We see from eq. (4-40) that this may be accomplished
by choosing I; less than its previous value. Henee let

R3; = 20 kilohms
(11) From Iig. 4-16a, R, = 9.25 kilohms

1 1 1 1 1

12) o5 =5~ + 5 =\lgor t 50} 107

(12) Ry R, + Jie <9.25 + 20>

(0.108 + 0.050)10* = 0.158 X 103

Ry = (.33 kilohms

| 1 1

(13) ]\2_1+[\’_,,1_1+£25_1_452_0'688
IR 20

koo = (0.688)(15.6) = 10.72
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T2 70 X 10°°

(14) T, = In (hapes) = 237 = 29.5 usec
(15) Let R: = 10 kilohms
then
T, 295X10°% 295X 10°° _ L
Co= Ry = (10 4 633)10° = 1633 x 108 ~ 1B X 10 ;
o AX10E
(16) Cz mex = (R + Ry) — 5(L.5 + 20)10°
5 % 108

— = 0.46! 1010

5(2.15) X 10° () S U,

It is clear that our choice of R. is too low since Ca > Coiax. To
overcome this difficulty the time constant of the R3C: charging circuit
must be raised. Comparison of the last two equations indicates that
1 megohm is a good choice for 2. Then

29.5 X 106 29.5 X 10°°
10% + 6.33 X 103~ 1.006 X 108

This completes the design of the multivibrator.

(17) C. = = 29.4 puf

4-6. The Order of Magnitude Equation
Frequently various texts give the following equation for the order
of magnitude of the multivibrator pulse-repetition rate:
PR S
RiCy + R
It may be shown quite readily that this equation is correct when the
following conditions are met.

(4-42)

If Kitteor = €
then =T (4-43)
and if R >> R
then Ty = R, (4-44)

and similarly for the other section.

4-7. Wave Forms of the Plate-coupled Multivibrator

It should be remembered that the multivibrator was introduced in
this chapter because it may be used as the impulse generator required
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in the saw-tooth voltage generator. In this particular application
the exact wave-shape of the circuit’s output is not of great im-
portance. For the sake of completeness, however, we shall determine
the shapes of the electrode voltages which are important in other uses
of the multivibrator. (iiven the equivalent circuits and equations
which have been derived in the preceding sections, the calculation
of the wave forms is relatively easy. Consider first the ground to
grid voltage, en During the 7, interval condenser C, is discharging
in the equivalent circuit of Fig. 4-11 and the equation for the grid
voltage in this interval is given by eq. (4-22).

During the 7, interval on the other hand, C, is charging as shown in
Fig. 4-15. Application of our previous equations shows that during
this part-cycle e will be given by

i = __RL N S 1 —t/(Ra+ ROt
I)urmg Ty € = 1{01 + 1{4 Lbb (/vl pwl> € (4‘45)
The positive spike represented in the diagram as V', will be
Ra 1
V. =e. =——"—<I\‘——>E 1-46
‘ 1:|1=0 Ro + Ry ' Heol ” ( )

And the final voltage V7 will be
Ve = erl]!=rg = 1'05_72/(”“4_’2‘)(71 (4—47)

Now it is well to take stock of our results at this point, for the values
of ¥V, and V, given above contradict an assumption used in the deriva-
tion of some of the multivibrator design equations. It will be remem-
bered that the values of static plate resistance, R, and I, are evalu-
ated on the basis that during conduction (i.e., during 7, for V,) the
grid voltage on the tube is zero, yet these equations show that actually
the grid is positive during this interval. A consideration of the rela-
tive magnitudes of the relevant quantities shows, however, that the
assumed and actual conditions are quite similar, for the first factor

in the last two equations, namely, FRL
g1

+ Ry
It will be found however, that this slight positive peak of grid voltage
does modify the calculated values of plate voltage slightly.

approaches zero in value.

Proceeding to the calculation of plate wave forms, it would appear
at first glance that e is constant at supply voltage value during n
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when the tube is not eonducting. An examination of the circuit
diagram will show that this cannot be

R Ca true because during that same interval Ce
3 - -
AM— is charging and the charge current which
flows through R; produces a change in
Epb— eb1 ta) <SR, the plate voltage which is exponential;

henee the actual shape of en can be cal-
culated by analyzing the condenser dis-

Fig. 4 17. ey may be cal-  charge cireuit, which is similar to that of
culated during 7, when (o s Fig, 4-15.  We have from I'ig. 4-17 that

charging. during 7
ey = Ebb = '1'311’3
= J — _R_"_ By 1 -t/ (Rpa+ R2) (2
— L,,b[l T + s (h M>e (4-48)
= s < 1 )
Ve=oce =K 1 ———— ks — 4-49
bl:Il, 0 M[ ]\)q‘.! + ]\’3 Meo2 ( )
and

R ( 1 > B .
Va= = F 1——— Lk, — — Je n/(Rep+ 132 4-50
‘ ebl:|l=n bb[ ]‘)g‘.! + R;; - Meo2 ( )

Actually the last equation may be simplified considerably, for from
the assumption that C; becomes fully charged during =1 (which was
made in the design procedure), it follows that the exponent had to
be 5 or more. Furthermore, typical circuit values show the follow-
ing inequalities to be true:
Rs ]
Tt i <1 '
Fo@-51)

(’\‘2 - ! ) < 1
Meo2 J

Thus, for all practical purposes,
Va= FEw (4-52)

From the above it would seem that e, during . could be calculated
by setting up the equivalent discharge circuit for ('s, but as a practical
matter this is unnecessary for, during 2, Vi is conducting and the
condenser discharge current in I is negligibly small in comparison
to the plate current of the tube.  On this basis and assuming e. = 0,
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R
R+ Iy

during e = Iy (4-53)
and remains constant at this value throughout the entire part-cyele.
This is represented by the solid line in Fig. 4-18. But we have
previously scen that during 7, the grid of 17, is positive and varying,
and not constant at zero as assumed above. This means that Ry

o =t
Eco, - -
ec'
-kiEpb
Vd
EbbF---, T
€p f L/
' = Ve b %4
t
(b)

Fig. +-18. Wave formson Vi. (a) Grid voltage. V, and V, are
exaggerated. (b)) Plate voltage. The dotted curve shows the
effeet of variation in 12, during conduction.

varies slightly rather than remaining constant—or stated in more
familiar terms, the grid voltage appears amplified and inverted on
the plate. Thus the slight positive spike of grid voltage during =
causes a slight dip in plate voltage below the value specified in (4-53)
at the beginning of the = part-cycle.

Thus we see that the equivalent circuits provide a means of cal-
culating the shape of the various tube-element voltages. It is ap-
parent that similar methods may be applied to the second tube, 1,
and the voltages obtained would be of the same gencral shape as
those in Iig. 418, except that cutoff would occur during 7, and
conduction during =.. It should be emphasized that the plate wave
forms can be made more steep than those in Fig. 4-18 by proper
design of the appropriate 7/T ratios.

In all the preceding discussion, shunt capacitances and their effects
have been neglected. At higher values of pulse-repetition rate, the
shunt capacitances lower the gain of the two stages and discriminate
against the higher frequency components of the waves which are
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rich in harmonics. Where necessary these effects may be taken into
account by adding the capacitances in the various equivalent circuits
and deriving a new set of equations. Analysis becomes much more
complex than that already given. In general, the over-all effect is to
round off rising edges of the various waves.

4-8. Synchronizing the Multivibrator

The design procedure which was outlined in the last section results
in a free-running multivibrator, 7.¢., a multivibrator whose frequency
of operation is dependent entirely upon its own eircuit constants.
In order to meet the requirements of synchronized scanning, how-
ever, we must now consider how the multivibrator may be locked in
with some sort of synchronizing signal. Shenk® has given a rather
complete analysis of this problem which allows rigid control of both
portions of the output wave form. Such a high degree of control is
not necessary in the application of a scanning generator and we shall
consider the design from the point of view of synchronizing the
multivibrator to the correct frequency only. In order to make the
situation facing us more explicit we shall consider the multivibrator
with its associated parts which go to make up the entire saw-tooth
voltage generator. One possible circuit configuration is given in
Fig. 4-19, where the grids of Vj, the discharge tube, and V; of the
multivibrator, are tied together. Since the cathodes of both tubes
are tied to ground, both tubes, if they are identical, will be cut off

E
T T T
Ry >Ry SR
G <
Vi N ‘/
PN .
L

TG

R

Fig. 4-19. A multivibrator-controlled sweep generator. The
multivibrator feeds a vacuum discharge tube which controls the
charge and discharge of (.

5 1. R. Shenk, op. cit.
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for the same interval of time. Cs charges when Vj is not conducting,.
It follows, therefore, that 7, of the multivibrator and 7., the charging
time of Cs, will be equal. If a free-running system were permissible,
the design equations which have been given would permit ealculation
of all the circuit constants in the diagram. It should be noticed,
however, that the parallel connection of the Vs, and 17; grids would
lower the effective grid resistance of Vs, i.e., R,2 in the counterpart of
eq. (4-39), to one-half its usual value, making it in the order of
750 ohms.

We now consider how this circuit may be synchronized by an
external signal. Our previous analysis has shown that at the be-
ginning of the 7. part-cycle, e., the grid voltage on V., drops to
(—k2Ew) and then builds up exponentially, the part-cycle ending
when e, reaches the cut-off voltage corresponding to the given value
of Ew. If, now, the multivibrator were designed for a 7, greater than
7e, Va could be forced to conduct at any time less than ., say at
7., by the application to its grid of a positive-going, externally sup-
plied voltage of proper amplitude, as shown in Fig. 4-20. The

o]

ECOZ

€c,

“h2Epp

Fig. 4-20. Tube V. of free-running Fig. 4-21. A square synchronizing
cutoff interval r, may be forced to con-  pulse provides poor synchronization.
duct at r. by an externally applied sync  Any change in amplitude of the pulse
signal. causes a shift in time of the conducting

point.

interval for which V; is cut off, r;, would be unaffected. Hence the
frequency of operation would become

1
f=7'l+7'c

where f, is the frequency of the synchronizing signal. It may be
seen, then, that for satisfactory synchronization the free-running

=f, (4-54)
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frequency of the multivibrator must be less than f, and the synchro-
nizing signal must be of sufficient amplitude to satisfy the relationship

_I\"zb‘hbf—_"/T2 + Csyne = 13‘002 (4_55)

Two further aspeets of syncehronization must be considered; what
shape of sync signal is best suited to our ends, and how shall that
signal be injected into the multivibrator? In regard to the first,
three types of signals may be considered, the sine and square waves
and the pip. or short pulse of steep wave front. 1f the sine wave
be chosen, (4-55) hecomes

—kglﬂvm,e —e/ T2 + Es sin (wgt» + ¢) = Emg (4—56)

from which it may be seen that the chances for poor synchronization
are large because any slight variation in F,, ¢, or in the multivibrator
constants will result in a shift in phase of the output. Stated in
other terms, we note that the time rate of change of a sinusoidal
quantity is slow. Hence any small changes in grid voltage magnitude
will result in uncertainty of the conduction time.

The use of a square wave as the synchronizing signal is open to the
same sort of eriticism beeause the resultant voltage of exponential
plus square pulse is not flat-topped, and circuit variations will permit
Vs to conduct at different points along the top of the pulse as shown
in IYig. 4-21.

When a pip is used as the syne voltage on the other hand, 17 is
only given a momentary chance to conduct. If its amplitude is
below that required by (4-55), no synchronization will occur until
the next cycle of operation.  If its amplitude increases, no change in
7. will oceur because of its extremely short rise time. 1or these
reasons the pip is most desirable as a syne signal and may be obtained
by differentiating a square wave or some other pulse characterized
by a relatively steep wave front.

The second aspect of synchronization which must be investigated
is that of sync injection: how shall the synchronizing pip be injected
into the multivibrator? At the outset it must be stated that any
injection c¢ircuit will tend to load some portion of the multivibrator
circuit, and this loading effect must be included in the multivibrator
design. Gienerally, this effect will result in the lowering of the effee-
tive values of Iy, K, Ri; and Ry or the equivalent grid and plate
resistances. Theoretically the injection may take place into grid,
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plate or cathode circuits in the multivibrator but practical consider-
ations generally rule out grid injection. The reason for this is that
the grid leak resistances, Ry and Ra, generally have the highest values
of all the circuit constants. Hence any injection eircuit connected
to the grid will have maximum shunting cffect.

Several typical complete saw-tooth voltage generators are shown
in Iig. 4-22, cach of which employs a different scheme of syne in-
jection. The circuit at a is desirable from a design point of view
because the injection circuit has minimum effect on the multivibrator.

+Epp
Va
SYNC
AN
IL > —
{ BlAS
Eob
sYNe L
(b)
*Epb

Fig. 4-22. Typical saw-tooth voltage generators emploving the
multivibrator.  (a) Cireuit employing positive-going syne.  Vy is
normally cut off.  Syne injection has negligible effeet on the cireuit
constants.  (b) Circuit employing negative-going syne.  Vy is nor-
mally condueting.  The design is modified by .4, which shunts the
plate of Vi to ground throughout the entire evele.  (¢) The separate
syne injeetion tube is eliminated. Vi serves as syne injector and dis-
charge tube.
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V4 is normally biased beyond cutoff and hence appears as an open
circuit to Viand Va.  During 7. the plate of Vs is at battery potential.
At 7. the sync pulse causes V, to conduct and its plate current flowing
through R, causes ez to drop momentarily. This drop coupled to
the grid of V', causes the latter to cut off and the multivibrator
circuit switches.

The circuit at ¢ is interesting because the functions of injection
and triggering the sweep cireuit R;Cs are combined in the single
tube Vs The operation of the circuit may be thought of in the
following manner: In the presence of synchronizing pips, the dis-
charge of (' is initiated by the pip, the duration of discharge being
controlled by the multivibrator wave form which is also locked in
with the pip. In the absence of the pip (and it was for this eventu-
ality that the multivibrator was introduced into the sweep circuit)
C, will continue to charge and discharge at a rate determined by the
free-running operation of the multivibrator. Design of this circuit
is complicated by the presence of the coupling condenser Ce.

It is quite apparent from inspection of these circuits that saw-tooth
voltage generators employing multivibrators as impulse generators
involve three or more tubes plus several related components. In
the construction of such a generator the cost of components and
assembly runs high. For this reason, the trend has been toward
simpler circuits which require fewer components.  One form of these
employs the blocking oscillator in place of the multivibrator as the
impulse generator.

4-9. The Blocking Oscillator

The second form of impulse generator to be considered is the
blocking oscillator, two forms of which are shown in Fig. 4-23.
Inspection of these diagrams shows that they are identical in form
to an audio oscillator of the feedback type. We might expect, there-
fore, that the wave form from grid to ground or from plate to ground
would be a sinusoid of frequency determined by the inductance and
distributed capacitance of the coupling transformer. Iurthermore
the bias would be produced by the flow of grid current charging C\
during the positive half-cycles of grid voltage, and then by Ci dis-
charging through R, for the remaining half-cycle. This action is
basic in the oscillator and to see how a pulse output is developed, we
consider the development of bias more closely. As the time constant
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Fig. 4-23. B]ockmg oscillators are forms of tuned-grid oscillators.
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Fig. 4-24. Wave forms in the blocking oscillator.

R,C, is increased, the voltage across R, resulting from the discharge
of C, becomes greater until the magnitude of discharge current
through R, is so large that the grid is driven beyond cutoff and the
flow of plate current is blocked. The blocked condition prevails
while the voltage across R, decreases exponentially until cutoff is
reached. The cycle then repeats itself. Typical wave forms for
the blocking oscillator are illustrated in Fig. 4-24.

It will be observed that the cycle of operation consists of two
distinct parts, one corresponding to positive voltage on the grid
which we shall term the pulse interval, and a second when the grid is
below cutoff, the interpulse interval. It would be desirable to present
an analysis of the blocking oscillator at this point but generally the
operation extends into regions of extreme nonlinearity in the tube
characteristic and the use of the equivalent plate-circuit theorem as
the basis for analysis is invalid. Any useful means of analysis must
inevitably be graphical, one such method being that which uses
isoclines or curves of constant slopef Such methods are usually

¢ 1. G. Maloff, and D. W. Epstein, Electron Optics in Television. New York:
MeGraw-Hill Book Company, Ine., 1938, chap. 13.
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tedious to apply and generally an empirical approach is used. In
general we may state that the pulse interval is governed by the con-
stants of the coupling transformer, and the interpulse period by the
time constant R,C,, cutoff voltage, and the charge accumulated by ¢,
during the pulse. From the diagrams we may write

ksl

.1 . -
E, = o) 1 dl (4-57)
and E.g = Eye—/RO (4-58)

In practice it is customary to use a transformer which provides the
necessary value of 71, and to adjust /2, and (', to give the proper value
of 7o. Typical values of resistance and capacitance for television
applications are given below:

Application R, C,
60 cycle, vertical sweep 1 megohm 0.005 uf
15,750 cycle, horizontal sweep 60 kilohms 470 puf

Sinee 7, is in the order of microseconds, it might be expected that
typical transformers for blocking oscillator applications are charac-
terized by low (as compared to audio interstage transformers) values
of inductance. Generally this will be in the range of millihenrys.
They are further characterized by tight coupling between the plate
and grid windings. Typical step-down ratios from the plate to grid
side are from 1:1 to 3:1.

In the foregoing discussion we have assumed that the 7, part-cycle
pulse on the grid is sinusoidal, but under certain circumstances this
shape may change because of action in the transformer.’” In any
event, the 7 and 7, part-cycles are governed by the transformer and
the R,C; time constant, respectively.

The use to which a blocking oscillator is put determines the method
of deriving its output pulse. Where the positive pulse itself is of
importance, the output may be derived from either transformer
winding or from a third winding added to the transformer expressly
for that purpose. When derived in either of these methods the pulse
may exhibit overshoot because of oscillations in the L-C circuit of the
cransformer winding in use. Overshoot of this type may be elimi-
nated by deriving the output from a resistor in either the plate or

7See Cruft Electronics Staff, Electronic Circuits and Tubes. New York:
McGraw-11ll Book Company, Ine., 1947,
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cathode returns. In this method the output voltage is directly
proportional to the plate current of the tube and overshoot is com-
pletely eliminated since reversal of current cannot take place.®

In the present case, where we are concerned with the generation of
a saw-tooth sweep voltage, the grids of the blocking oscillator and
discharge tubes may be tied together directly. Then during 7. the
discharge tube will be held below cutoff and will conduct during the
pulse interval.

As a further simplification of the sweep circuit the discharge tube
may be eliminated by use of the circuit shown in Fig. 4-25° The

pe+

Ry

> C4h-:_

AN V.
Q»(_ - _\\
I_F/T,(\;c"\_; Soo
> h)
> S Y/

EiRz T Ry
/ . l I LoD |—.}11
SYNC-»—{»\-—-\:—/ ‘L x
<
Yo+

Fig. 4-25. Blocking oscillator sweep-voltage generator.  The saw-
tooth voltage is developed aeross (4 when the tube is nonconducting.

=

addition of the I4Cs combination in the plate circuit of the blocking
oscillator tube, 17, eliminates the need for a separate discharge tube
because C4 charges during =, when 171 is cut off, and discharges during
71 when the tube is conducting. Sync injection is obtained from Rs,
which is common to the plate eireuit of ¥ and the grid circuit of V.
The variable portion of R serves as a hold control because its adjust-
ment allows proper setting of the free-running interpulse interval so
that proper synchronization may be maintained. Comparison of the
circuit with those of Fig. 4-22 shows the degree of simplification
8T, Soller, M. A. Starr, and G. E. Valley, Cathode Ray Tube Displays, M.LT.
Radiation Laboratory Series. New York: MeGraw-11ill Book Company, Inc.,,
1948.
99 A. Liebscher, “Learn as You Build Television.” Radio News, 38, 3 (Septem-
ber 1947).
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which results when the blocking oscillator replaces the multivibrator
as impulse generator.

MAGNETIC DEFLECTION SYSTEMS

Our work in the last chapter showed that for magnetic deflection
of an clectron beam up to a half-angle deflection of 25° the required
saw-tooth deflection would be produced by causing a saw-tooth cur-
rent to flow in the deflection yoke. It might secem, then, that lincar
magnetic deflection could be produced by placing the deflection yoke
in the plate circuit of a pentode driving tube which is driven by a
saw-tooth grid voltage. Actually such a naive approach to the
problem which assumes the pentode to be a constant-current source
is not admissible. In the first place, relatively high values of yoke
current are required so that a power tube must be used. IFor such
tubes the plate resistance is not sufficiently high to justify the as-
sumption %, = gme,. In the second place linearity requirements
demand that the yoke be isolated from the driver plate circuit. This
may be seen from the following considerations. Let the yoke he
placed in the plate circuit of the driver as shown in Fig. 4-26a. Then,

REST
- YOKE POSITION
2a
S }
] I
@ ®

Fig. 4-26. Dircet coupling of the defleetion yoke to the driver tube.
(a) Circuit. (b) Required deflection is 2a.

since the d-c¢ plate current flows through the voke, a spurious d-c
deflection of the clectron beam will oceur unless the no-signal nlate
current is zero. This, in turn, means that during the sweep cyele
the total instantaneous plate current must start at zero and finally
return to zero, a fact which requires that the tube operate in regions
of extreme nonlinearity. It also means that the entire peak-to-peak
angular deflection of 50° he provided by an increasing sweep current,
as shown at b in Fig. 4-26. Thus an angular deflection of 50° is
required for, say, a 10BP4 or 16AP4 CRT, and of 70° for the shorter
16CP4, instead of the corresponding half-angle deflections of 25° and
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35°, respectively. Hence special design of the driving voltage would
be required to overcome the nonlinearity introduced by the tube and
the nonlinearity caused by the breakdown of eq. (3-18). To over-
come these difficulties it is common practice in television design to
isolate the yoke proper from the driver plate circuit by means of a
transformer as shown in Fig. 4-27a. The introduction of the iso-

N “[ 2]
l (a)

(o)
Fig. 4-27. Transformer coupling of the defleetion yoke to the
driver tube. (a) Circuit. (b) Required deflection is o on each side
of the rest position.

lation transformer has a number of advantages. First, the yoke is
isolated from the driver plate circuit; hence the driver quiescent point
may be chosen so that the tube operates in the linear region of its
characteristics. Second, since the yoke is isolated from the d-c plate
current, a d-c¢ positioning current may be introduced in the yoke to
allow control of the no-signal position of the electron heam on the
face of the CRT. Third, the actual yoke current may be alternating
and the design may be based on a half-angle defiection, e, rather than
the full deflection, 2a.  Fourth, the transformer may be designed to
step up the current in the yoke. This feature has two effects: the
current demand on the tube is lowered, and a smaller region of
the tube characteristic is utilized with an improvement in linearity.

We shall, therefore, assume in the rest of our treatment that the
yoke is coupled to the dviver through a transformer.  Since the yoke
is predominantly inductive, the usual concepts of impedance match-
ing break down. The transformer may be designed for a current
step-up, however, and to simplify our work we shall assume the
transformer to be ideal, that it has negligible leakage reactance and
infinite incremental primary inductance."

10 For a more rigorous analysis which includes transformer leakage reactance,
see A. W. Friend, “Television Deflection Cirenits.”  RCA Review, VIIL, 1 (March
1947).
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4-10. Increasing or Decreasing Sweep Current

With the transformer isolating the yoke from the driver plate
circuit we have complete freedom in choosing the direction of plate
current during the trace portion of the scanning cycle. For example,
we may have an increase in plate current during scan as shown at a
in Fig. 4-28, or a decrease during scan as shown at ¢; both forms of

-
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Fig. 4-28. Two alternative forms of driver plate current meet
the requirements of linearity. (a) Driver current increases during
scan. (b) Plate voltage corresponding to increasing sweep current.
(¢) Driver current decreases during scan. (d) Plate voltage cor-
responding to decreasing sweep current.

plate current will meet the requirements of linearity. Further in-
vestigation shows that each form has an advantage. In order to
show this let us simplify the discussion by assuming that the yoke
and transformer present a purely inductive load of magnitude L to
the driver. Then, whenever the plate current is changing, the volt-
age drop across the load will be

diy
— L= 4-
e =1 o (4-59)
and the corresponding instantancous plate voltage will be
e = Fw — L iy (4-60)

dt

From these equations we see that an increasing 1, (positive slope)
causes the plate voltage to drop below the supply voltage and, con-
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versely, a decreasing current produces a plate voltage greater than
the supply voltage. In either case the magnitude of the drop across
the load is determined by the slope of the driver current. Hence,
during trace the load voltage is much smaller than during retrace
when the current curve is changing rapidly. The actual shape of
the load voltage during flyback will obviously depend on the shape
of the current in that same interval. To a first approximation we
may assume that the flyback current changes linearly and the re-
sulting plate voltage for the two types of currents are plotted in
Fig. 4-28 at b and d. ¥rom these it may be seen that the second
system shown at ¢ and d provides a means of effectively ‘“boosting”
the d-¢ supply voltage because the pulse across the load during fly-
back is large enough to raise the average value of plate voltage. A
circuit which utilizes this boosting action is discussed in section 4-18.

Even though the idea of “getting something for nothing” by using
the negative slope scan current is appealing, actually the positive
slope scan current is generally used. The reason for this may be
scen by considering the problem of current reversal during the flyback
interval. During this interval the rate of current change is high and
it is desirable in the interest of rapid flyback to have a high voltage
across the load to help reverse the current.! Inspection of the wave
forms of I'ig. 4-28 shows that this condition is met by the plate
current which increases during the scan part-cyele. A further ad-
vantage afforded by this form of current is that it permits use of a
driving grid voltage which also increases during scan.  This simplifies
the circuitry of the entire sweep system.

4-11. Driver Grid Voltage

We well might inquire at this point what shape of driver grid
voltage is required to produce the positively increasing saw-tooth
current in the deflection yoke. To do this, consider the basic deflec-
tion circuit shown in Fig. 4-29.

It is assumed that the operating point of the driver is so chosen
that its operation is linear and that the equivalent plate circuit shown
at cis valid. The static plate resistance, I, rather than the dynamic
plate resistance is used because the plate current has a form which is

11 K. Schlesinger, “Magnetic Defleetion of Kinescopes.”  Proec. IRE, 36, 8
(August 1947).
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L=n2Ly Cllemmaaamacocaas
. i
R= tp :
R#NZ(R,+R) '
- t
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Fig. 4-29. Simplification of the transformer-eoupled driver plate
circuit. (a) The basic eireuit. (b) ISquivalent circuit referred to
the primary side of the transformer. (¢) lquivalent plate circuit.
(d) Required a-c¢ component of driver plate current.

matched better by the former condition. The notation of the dia-
gram is defined below.

R, = static plate resistance of driver at thc}
operating point

n = primary to secondary turns ratio \

R, = transformer primary resistance !

¢, = transformer secondary resistance '

R, = yoke resistance ;, (4-61)
L, = yoke inductance
i, = peak-to-peak plate deflection current = % |
1 = peak-to-peak yoke deflection current
R = n*(Ry 4+ Ro) + R .
L =nL, J

i, may be determined from eq. (3-19) or its equivalent in terms of
the angle of deflection from rest position. Then, applying Kirch-
hoff’s voltage law to the circuit of Fig. 4-29¢, we get
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: diy
uey = ip(Ry + R) + L

or e = f:— L+ Ry + )] for0<t<r, (4-62)
Equation (4-62) gives the driver grid voltage required to produce the
deflection demanded by the system.!? Inspection of the equation
shows that the voltage at ¢ = 0 jumps to a value 1,L/u7, and then
builds up at constant slope in time until { = 7.. Such a voltage,
which may be said to be trapezoidal in form, is depicted in Fig. 4-30.

A
ol Up(Rp+R)
zRptR) sLopg = 2RI
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% :
]
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Fig. 4-30. The trapezoidal voltage required on the driver grid.

Given the grid voltage, we next consider circuits which may be used
to produce it.

4-192. Trapezoidal Generator

The trapezoidal voltage just described may be derived from a
modified version of the basic R-C circuit described in the section 4-1.
This modification is shown at Fig. 4-31 where the output voltage is

f::R4 |
Epb = 7 €

VCT ;L.c
T 1

Fig. 4-31. The basiec R-C' circuit modified for the generation of a
trapezoidal voltage.

12 M.L.T. Radar School Staff, Principles of Radar. New York: McGraw-Hill
Book Company, Inc., 1946.
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developed across the combination of Ry and Cy.  As hefore, let E. be
the initial voltage on C, before the switch is closed, and T, the
charging time constant.

Then e = v + 1y

Substituting from eqgs. (4-6) and (4-7) for v and 1, respectively,
we get

. . . Iy .
eo = Ew — (Ew — E0) m e—t/Te (4-63)
Ebb
(Epb~Ec)R3
R, +R,
A
Ec
0 Y t
~(Epp-Ec)Rs -_%_
~(Epb-EdRs | ___ Ra+R4 ¢
Ry* R4
-(Ebb-Ed [

Fig. 4-32. Output of the trapezoidal generator shown in Fig. 4-31.

The components of e, and e, itself are plotted in Fig. 4-32. From the
diagram it may be seen that the voltage at A, 7.e., the value of e
at the instant the switeh is closed is:

e Ity

(e0)o = K (Iw Eo) s + Rs
=E. 4+ (Ew — E.) R (4-64)
T A T R Ry + R,

Sinee E. is the initial condenser voltage, it follows that the initial
rise in voltage at { = 0 is

g . R,
(B = o) 2R, (4-65)
Since the output of the trapezoidal generator will be coupled usually
to the grid of the driver through an R-C network, the d-¢ component,
E., will be removed. Thus for design purposes it is convenient to
express ¢, as a variable component added to E.. Equation (4-65)
gives the initial rise part of this varying component, and the ex-
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ponential part could be found by algebraic manipulation of (4-64).
It is instructive to use an alternative approach, however, which will
give the varying components directly. To do this we replace the
initially charged condenser by a series combination of a condenser
of the same capacitance but with zero initial charge and a battery of
terminal voltage E.. The net effect in the circuit, then, is that the
net battery voltage has been reduced from Ey to (Ew — E.). The
value for T, of course, remains unchanged because the values of
resistance and capacitance in the circuit are unaffected by the sub-
stitution. This equivalent circuit is given in Fig. 4-33. Then,
applying again eqs. (4-6) and (4-7), we get

— 2} Y _ L -1/1',)
eo = E. + (Ew — E.) (1 LR (4-66)

Equations (4-63) and (4-66) may be shown to be identical by suitable
algebraic manipulation. If now we let & be defined as the varying
component of the output voltage, then
& =6 — E.
R

= (Ew — E.) (1 — 3—_:1—{4 e"/T‘> (4-67)

R
/c ?

Vv o
Epo § €o

Fig. 4-33. Simplification of the trapezoidal generator cireuit.
The condenser with initial voltage E. is replaced by a condenser with
initial voltage zero in serics with a battery whose voltage is E..

(Epb-Ec)Ra| _
RytRq

o t

Fig. 4-34. The varying component of output voitage of the trape-
zoidal generator.
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& is plotted in Fig. 4 34, which may be scen to be the same as I'ig.
4-32, with the single exception that all the ordinates are displaced
downward by the voltage F..

If we now apply the same technique that was used in saw-tooth
voltage generation earlier in the chapter, we see that if the ratio ¢/T.
is restricted to sufficiently small values, the build-up after t = 0 will
be linear in time and the required trapezoidal wave will result. Thus
expanding the exponential wave and assuming that ¢ is restricted so

that
t \2 t
(7—> << (T> (4-68)
o R R [t )
weget & = (Fw — Eo) [m T T (T)] i)

Since &, is of the same form as the required e,, right-hand members of
(4-62) and (4-69) may be equated. Then, equating coefficients of
equal powers of ¢, we get

i 1, 3
For 2, (Ew — Eo) 55 - = bl
R; + Ry = urs
& E) R . (4-70)
1 Ypy — Lic 3 — _7/2_
For #, T Rit R = (R + R) J
Generally R; > > Ry, so that these cquations may be rewritten as
o gy B L N
(Ew — E) R~ ur (4-71)
and, substituting for T. = (I3 + I(’4)C4 =~ R;C4,
(Iﬂbb = Ec) B
RiC, (R +B (4-72)
Then, dividing (4-71) by (4-72), we get
L
RCs = R, + R (4-73)

= T = time constant of driver plate circuit
In order to meet the linearity requirements of (1-68)
75 < 047, = 0.4R:C, (4-74)

Ts

0.4R;

or Cl min =
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With eq. (4-73) and (4-74) we have the time constants of the
circuit specified in terms of known quantities, and if a value of R; be
assumed (this will generally be 1 to 2 megohms), Ry and C4y may be
calculated.

We must now consider the magnitude of the trapezoidal voltage to
make sure that the required driving current i, is furnished. Clearly
this will be determined by the quantity (Ew — E.) in either (4-71) or
(4-72). Let us evaluate this quantity. First, consider the charging
circuit of Fig. 4-31. If the condenser charges from an initial voltage
E,, at any time, ¢, the voltage will be, by eq. (4-10),

. : L 1fty Lit\e
) 2+
Now we have assumed a 7,/T. ratio of 0.4 in order to ensure linearity;

thus at ¢ = 7, the condenser voltage will be

()= E.+ (Ew — E;) X 04
or (v, = 0.6E. + 0.4Ey (4-75)
At the end of the scan part-cycle the condenser must be discharged
Then, carrying over our knowledge of the saw-tooth generator, we

see that this may be accomplished by placing a discharge tube in
shunt with K, and C; as shown in Fig. 4-35a. After the cireuit has

RaRg
Ry RytRg
\/\/ L l Wl
= < Rs = EbbRd Ra
EbbT‘ ?Rd % T RytRs
1= To | [
mE
(a) = (b) (c

Fig. 4-35. Simplification of the trapezoidal generator during dis-
charge.

been in operation for a long enough period so that an equilibrium
condition prevails the condenser voltage must return to its initial
value during the discharge interval. Thus from the equivalent
vircuit of Fig. 4-35¢ we may write

_{ RiRq
T, = (,—?3 e R4) C,
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but Rs >> R4
S0 Ti= (Ra+ Ry)C, ]
~RCy + Ty (4—76)
Ra
and E Rt ha™ 0
Hence we have the result that during discharge
ve = (0.6E, + 0.4ky)e—/Ta
and at { = 74
ve = E. = (0.6F, + 0.4Ey)e—74/T4 4-77)

These equations may be arranged into a design procedure. With
T4, Ts, 1p L, Bp, and R given

(i) Choose R;, nominally 1 to 2 megohms.

(2) Calculate Ry by the graphieal method illustrated in Fig. 4-9.
An approximation is involved here because the exact value of Eu
is not known as yet.

(3) Calculate C, from eq. (4-74).

(4) Calculate T'r, and R, from (4-73).

(5) Calculate Ew/E. = k.

From (4-77) CTe = 0.6+ 0.4 7
-
o k= ;bb = 2.5(e/Ts — 0.6) (4-78)
(6) Caleulate Ep.

E:\ Ry _1,L

From (4-71) Ey (1 - Eu;) Ry ur,
P 2l Ry

or %= ( 1) Ry (4-79)

1 —'% KT

Let us illustrate this design procedure with a typical problem.
Design a vertical sweep generator for a progressive scan television
system which operates with a frame frequency of 30 cycles per sec-
ond. The flyback ratio is to be 1 to 19. The following constants
are to be used:
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Deflection yoke:
L, = 50 millihenrys, R, = 65 ohms, % = 320 ma

Transformer: n = 10, R; = 600 ohms, R, = 10 ohms

A triode-connected 6IK6-GGT is to be used as a driver so that
R, = 6,250 ohms and p = 6.5. A 6SN7 is to be used as the dis-
charge tube, R4 = 13 kilohms,

19 1 .
™ =719 +1 <30) = 31.6 msec
1

T4 = 6—0—3 — 31.6 = 1.7 msec

n?L, = 100(50 X 107%) = 5h
Rk = n¥(R, + Ry) + Ry = 100(65 4+ 10) 4 600 = 8100 ohms
Then, following the design procedure, we have
(1) Choose R; = 1 megohm
(2) Caleulate R4, For the present problem we shall assume this
to be

™~
Il

Rqs = 1.3 X 10* ohms

. 31.6 -3
(3) Cs= _0471\’ =3 —4—(’;&)?—— = 7.7 X 1078 = 0.077 uf
. 3

L 5 2
@) To = %R = 6250 + 8100 — 1.435 X 10°
= 3.48 X 104 sec

g = Lo _ 348 X 10

YT T 077 X 107

(5) Ta= RaCi + Ty = 1.3 X 104(7.7 X 10%) + 3.48 X 10~
10 X 104 + 3.48 X 10 = 1.348 X 103 sec

Td 1.7 X 103

= 4.52 X 103 ohms

T, 1348 x 10~ 20!
then = 2.5(e%/Ts — 0.6) = 2.5(3.54 — 0.6) = 7.35
1 1 e
(6) 1—p=1—zu=1-0136 = 0864
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then

4l Ry (3.2 X 1072)(5)108
(I —1/k)uraRs ~ (0.864)(6.5)(3.16 X 10-2)(1.52 X 10%)

Thus the design values for the eircuit are
g

=200 v

Eb;, =

R; = 1 megohm, Cy = 0.077 uf
Ry = 4,520 ohms, Ew = 200 v

and these values give a 7,/T. ratio of 0.4.

4-13. Flyback Considerations'

In our design equations of the last section we have neglected what
happens in the circuit during the flyback interval, r,. Hence we
must now examine the driver current wave form during flyback more
critically. In this connection we may review a few points which
have been made previously. TFirst, we have seen that from the view-
point of the scanning raster i, may have any conceivable shape what-
soever during the retrace interval just so long as it reaches its trace
starting value before the end of the blanking interval. This is true
because no picture information is presented during blanking and
hence during flyback. Then in section 1-10 we assumed 7, to be
linear during retrace in order to permit a choice between the in-
creasing or decreasing forms of driver current. We must now see if
this second assumption is necessary, or even possible.

As a practical matter, such a lincar retrace current cannot occur
because any deflection yoke and transformer system has distributed
capacitance associated with it. Consequently at the end of the sweep
interval the field built up about the yoke and in the transformer coil
begins to collapse, and if the driver plate resistance is high enough so
that it has negligible damping effect, the L-C circuit comprising the
total inductance and the shunt capacitance starts to oscillate. As
may be seen from Iig. 4-36, the resulting current caused by the
collapse of the magnetic field is a damped cosinusoid and, further,
the shortest flyback time possible will be that corresponding to the
half-period of the oscillation. The difficulty, however, is that unless
means are provided to damp out the oscillations after 7; they will
contaminate the next trace. Our immediate problem, then, is to
find some means of damping out these free oscillations. This may

13 K. Schlesinger, op. cit.
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Fig. 4-36. A-C component of the driver plate current.

be done in a number of ways and the particular system chosen must
be based on a compromise between economic factors, permissible
flyback time, and the lincarity of sweep required.

4-14, Shunt-resistance Damping

The most elementary form of damping utilizes the principle that a
circuit of L and C may be rendered aperiodic or nonoscillatory by
shunting the circuit with a resistance that is sufficiently small. This
scheme of resistance damping is shown in Fig. 4-37, R, being the
damping resistor. Since, in this case, we are interested in suppressing
oscillations in the yoke itself, it is convenient to construct the equiva-

T . .
)
:1 ue, l l by

Lo :,(:: Ly <Rs _n9. 2 Lz 2 Rs
ICy 9 Sp
1 )
'
'y L s &

(a) (b)

::p
L

Y]
e el
’”"

(<)

Fig. 4-37. Shunt-resistance damping. (a) The oscillations are
damped out by R,. (b) Ilquivalent eircuit referred to the secondary
side of the transformer.  (¢) The eircuit reduced by Norton’s theo-
rem so that all the elements are in shunt.
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lent secondary circuit given at b. Even further simplification yields
the circuit at ¢ where L,, the transformer secondary inductance, and
L, have been combined into L, the yoke resistance, R,, has been
neglected, and n*C’, has been added to C, to give C. Since in a
typical circuit which employs this form of damping n may range
around 10," the effective applied voltage is assumed to be negligibly
small. It follows then from a transient analysis that the parallel
combination of R, and r,/n?, say R, should be
1 L

R <= °

(4-80)
Thus K, may be chosen to meet this design requirement.

It is of importance to note that the shunt resistance, I,, changes
the design equations for the trapezoidal voltage generator. That
this is so may be seen from the following considerations. In place
of Fig. 4-29¢ we now have Iig. 4-38. It may be seen that R,, R, and

) (b)

Fig. 4-38. Equivalent primary cireuits for shunt-resistance damping.

n?R, comprise a voltage-dividing network and Thevenin’s theorem
may be applied to the equivalent generator circuit yielding the result
shown at b. Thus we see that the effect of the damping resistor
during the scan part-cvcle is to lower the cffective plate resistance,
and the effective driving voltage in the plate circuit of the driver tube.
This, in turn, raises the ratio of initial rise to slope in the trapezoidal
generator.  Once these facts are realized our previous generator
design equations may be utilized with the various parameters re-

defined in terms of the circuit constants of Fig. 4-38.
It is instructive to note that the same results may be reached by

14 Preliminary Data on Television Scanning Circuits and Components, Part 1.
RCA Vietor Division, 1944,
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physical reasoning. Consider the simplified cireuit in Fig. 4-39 where

the yoke and transformer resistances have been neglected. The

inductance current is required to be of saw-tooth shape during 7.

Then, during this interval, the voltage drop across L is constant and

cqual to L 2. But this same voltage is across R, which shunts L.
T

Thus 7z is constant and equal to %172 Then the total current is the

sum of the two components shown at e and is trapezoidal. The
applied voltage ue, is the sum of e and the R, drop. This required
grid voltage ue, is shown at f.

(e) ) b g (h

Fig. 4-39. Simplificd derivation of the trapezoidal generator
voltage. (a) The inductive part of the load.  (b) The current in the
induetance must increase linearly.  (c) The resistive part of the load.
(d) The constant voltage ¢ = L d¢/dt produces a constant current
through the resistance.  (¢) The combined load. (f) The total cur-
rent is the sum of (b) and (d). (g) The equivalent plate eircuit
voltage ue, is the sum of e and the ¢R, drop. (h) The complete
equivalent circuit.

Whereas the damping system is excellent from the point of view of
low-cost parts, it has the disadvantages of providing a relatively long
flyback time and of being wasteful of input power. In regard to
flyback time it is unsatisfactory for the horizontal deflection system
which meets telecasting standards of a 63.5-usec sweep interval. On
the other hand it may be used in the vertical system which allows
some 16 milliseconds for the entire vertical sweep and retrace cycle.

In order to examine the second disadvantage, we must consider the
power requirements in magnetic deflection. It should be realized
that in magnetic deflection only wattless power is required to build
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up the deflecting field around the voke; hence, it would be desirable
to return this power to the driver plate supply during the flyback part-
eycle when the field is collapsing.  Actually with resistance damping
all this field power is dissipated in the damping system and as a result
can represent a power loss of considerable magnitude. We now calcu-
late this field power:

During the scan interval, 7, the current build up in the net induct-
ance is linear, or

A
g

during 7, =1 (4-81)

Ts

and the voltage drop across the inductance L of I'ig. 4-37 is

e = 2 (4-82)
7s
Then the average power furnished to the yoke during sean is
1 .
P, = 3 Ik - (4-83)
hut = (4-84)
C(L+ p)fs
where f. = scanning frequency
whence: P, = :L*(1 + p)fs (4-85)

Schlesinger has shown that for a 10BP4 cathode-ray tube sweeping
at a horizontal frequency of 15,750 sweeps per second this yoke-power
term represents 19 watts and, as we have scen, in simple resistance
damping all of this power is lost. According to Spielman' the average
postwar television receiver using a 10-in. picture tube draws some
220 w from the supply line. Thus the power which resistance damp-
ing wastes represents an appreciable fraction of the total power
requirement of the entire receiver. Furthermore, from the design
point of view, the wasted power demands that a larger low-voltage
power supply be incorporated in the receiver.

In the interests of completeness we should consider also the power
requirements for the vertical deflection system, which may be cal-
culated from (4-84). In going from the horizontal to the vertical

158, C. Spielman, “Input Power Requirements of Television Receivers,”
AIEE New York Convention, 1949,
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system 2, L, p, and f, change, but for a first approximation we may
concentrate on the ratio of frequencies, which is so large that it almost
completely overshadows changes in the three other quantities for, as
we have previously seen, in a 2 to 1 interlaced system the ratio of
horizontal to vertical scan frequencies is one-half the number of
scanning lines. For usual values ranging from, say, 300 to the 525
lines specified by commerical standards, it follows that the power
Jost in the vertical sweep system is negligible because of the relatively
low vertical scanning frequency.

In summary it may be stated that simple shunt-resistance
damping is not used in the horizontal deflection systems recently
designed for television equipment. It may be used in the vertical
deflection systems where a relatively long flyback interval is available
and where the power lost in damping is small.

4-15. Resistance Damping

A second type of damping system that finds commercial application
utilizes a series combination of resistance and capacitance shunted
across the deflection yoke. Logically it would seem that such a
system might be called “resistance-capacitance damping” but the
popular term “resistance damping”’ will be used. The student should
take care to note the differences between the shunt-resistance damp-
ing system described in the last section, and the one under consider-
ation here. The basic circuit for the latter and its equivalent circuits
are given in Fig. 4-40. One advantage of the circuit is immediately
apparent, namely, that the presence of the condenser prevents the
damping resistance, R,, from offering a shunt path to the d-¢ position-
ing current (not shown in the diagram) which is introduced into the
transformer secondary circuit to control the rest position of the
electron beam. Other more important features of the system will
become apparent as we proceed with the analysis of the circuit.

The equivalent circuits of I'ig. 4-40 are derived on the assumption
of an ideal transformer of primary to secondary turns ratio, n. From
¢ in the figure it is seen that two oscillatory systems are present.
These systems are indicated by the mesh currents 7 and 7. If, how-
ever, I, is made small enough to suppress oscillations at a frequency
determined by L and C, 7.e., at the natural frequency of the undamped
deflection system, the equivalent circuit at d results. This, then, is
the basic idea involved in vesistance damping: the oscillatory circuit
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Fig. 4-40. Magnetic deflection circuit with resistance damping.

(a) Basic cireuit.  (b) Equivalent cireuit referred to the secondary.

(¢) Simplified equivalent eircuit negleeting the yoke resistance Ry

(d) Simplificd circuit during flyback. R, is chosen to suppress

oscillations in the R,('; branch,
comprising L and C in parallel is replaced by a cireuit of L, C,, and R,
in sertes. Since two of these parameters may be chosen at will,
considerable flexibility is provided in the design of the damping
system.

It should be apparent that the change in the damping ecircuit
requires no change in the basic requirement during the sweep part-
cycle, namely, that the current in L builds up linearly in time. At
the end of the sweep interval the current build-up ceases abruptly,
and previous knowledge of the transient behavior of the series R, L, C
circuit indicates that the shortest retrace obtainable is that given by
critical damping or when R, is adjusted so that the system is just
rendered aperiodic. The required values of E, and C, to give this
condition may now be derived. Thus, for the circuit of Fig. 4-40d,
we have during the retrace part-cycle:

1
) = 4“6
(Lp-f—R,-{-pCu)z 0 (4-86)
R, . ’1 R .
or P=—orEi\ig —ap = oL (1-87)

where p is the differential operator.
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Now for critical damping the imaginary term must be zero, hence

L
R =24/G

and under these conditions the roots of (4-86) are equal and the
current in the circuit is'®

i = (A + B)e—=t (4-89)

A and B may be evaluated from the boundary conditions, namely,
that at ¢t = 0,

(4-88)

b =1 and A=1 (4-90)
and further, at ¢ = 0, the condenser is uncharged, hence
Cipi -0

and %]0 = — %1‘, = —2ai (4-91)
Then differentiating (4-89) and equating to (4-91)

@] — A+ B = —2i (4-92)

dt o
Therefore, B = —at (4-93)
and =141 — at)e (4-99)

In order to interpret these results, (4-94) is plotted in Ifig. 4-41.
Looking at the resulting curve we must decide what is meant by the

10 T l
i Qs»\- L T B T i

t — + —

0 ——

0 ] T 3 a

at

Fig. 4-41. Yoke current during flyback with R, adjusted for critical
damping. (Courtesy of Proc. IRE.)

'8 See, for example, W. J. Secley, An Infroduction to the Operational Calculus
Scranton, Pa.: International Textbook Co., 1941,
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expression ‘“flyback is completed.” Since at aof = 2 the current
reverses direction we shall consider this value to define the end of
the retrace part-cvele. 1t is of interest to note that at this value of
at the voltage across the inductance is zero. This latter fact may be
verified intuitively because at af = 2 the slope of the current is zero.

We are now able to set up the design conditions for R, and C,
because the flyback time, 7, will be

ary = é{i =2
or e 2 (4-95)
Tf

and from (4-88) and (4-95) we get

_ -
= 1L (4-96)

A rather interesting interpretation may be attached to these
results which is of importance in the design or selection of deflection
yokes. Let wo = 1/7/LC, = forced angular frequency of L and C,.

Then arp = 2

or T = g = 2V L(C, 4-97)
_Z2_ -
= x (4-98)

From (4-98) it follows that where eritical damping is used, the forced
frequency of the L-C, eircuit must be high enough so that one cycle
has roughly three times the duration of the flyback time. Since 7 is
dependent upon L, (4-98) puts a limitation on the maximum value
of L because of flyback requirements. Thus in a complete deflection
yoke consisting of two sets of windings one of, say, 8-mh inductance,
and the other of 50 mh, the second winding with the larger inductance
would be used for vertical and not for horizontal deflection hecause
it would not, in general, be able to satisfy the extremely short flyback-
time requirement of the horizontal deflection system.

4-16. Advantages and Disadvantages of Resistance Damping

One of the principal disadvantages of resistance damping is that it
does nct provide a flyback time of the minimum value possible with a
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given set of deflection yoke constants. As was previously pointed
out this minimum would be one half-cycle of the oscillation in L and
C (Fig. 4-40), and in resistance damping we concern ourselves with
the cireuit L, C,, and R, because we have more control over the
parameters involved. In the commercial television system, at least,
this is not too serious in the vertical deflection system because somc
800 usec arve allowed for the vertical retrace. By the same token
resistance damping in the horizontal system cannot adequately meet
the short flyback-time requirements.

In order to explore this point further we may calculate the ratio of
actual fiyback time with resistance damping to the minimum possible
flyback time with a given yoke and transformer combination. Our
previous work (4-98) gives the actual flyback time with resistance
damping. But without resistance damping the minimum possible
fivback time is one half-eycle of oscillation in L and C, the notation
being that of Fig. 4-40. Thus

(r/)min = minimum possible flyback time

= «VLC (4-99)
and (T,T)L = i—\/% (4-100)

In order to evaluate this ratio we must calculate the ratio of
capacitances which, at first glance, seems rather difficult. The key
to the situation is that K, was chosen small enough to suppress the
high-frequency oscillations in the L-C cireuit. Arguing backward
from this proposition we may get an expression for the capacitance
ratio.

In the last section we have the expression for the shunt-damping
resistance required for critical damping. The same value may be
verified by applying the principle of duality’ to the circuits of Iig.
4-42. Yrom our previous results we know that in order for the
circuit at b to be aperiodic 2y’ must have a value

R >2 \’%__' (1-101)

17 See, for example, E. A. Guillemin, Communication Networks. New York:
John Wiley and Sons, Inc., 1935, vol. 2.
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L Ge % TC c':llz (N
(@ (b

Fig. 4-42. Dual cireuits. (a) The parallel eireuit. (b) The series
cireuit is the dual of the circuit at (a).

Then by the principle of duality the network at a in the figure will
be aperiodie if
lc

G, > 2\ I (4-102)
% ro< L |k 4-103
or i » S o\ (4-103)

This checks eq. (4-80) of the last section. But R, is a fixed resistor
in the deflection svstem; hence (4-88) and (4-103) may be equated

with the following result
ICs
- > =
C 4 (4-104)

Substitution of which in (4-99) yields

v 58 o (4-105)

(T!)min ™

Therefore we see that, at bhest, resistance damping gives a flyback
time which is two and a half times the minimum possible value.

As compared to the shunt-damping system, the present system
requires the same ratio of initial rise to slope of the yoke current
during the sweep portion of the cyele. This follows from the fact
that the value of the damping resistor will be the same in both sys-
tems, assuming L and C are the same in both cases. These results
may be verified from eq. (4-80), (4-88), and (4-104).

In regards to the dissipation of power supplied to the yoke during
the scan intervals, it might seem at first glance that the present
system is on a par with the system described in the last section
because a resistance, R, provides the actual damping. An inspection
of Fig. 4-41, however, shows that this is not so because during flyback
the current drops below zero on the normalized current scale. In
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physical terms this means that during flyback the yoke current
reaches a value greater than the peak swing attained during trace.
The effective current reversal indicates that the yoke acts as a source
of power and delivers power back into the normal supply system.
Thus the system of resistance damping wastes only some 77 per cent
of the power wasted in the shunt-resistance damping system and
hence is more desirable.

Another interesting by-product of the current overswing shown
in Fig. 4-41 is that there is a gain in deflection sensitivity of about
13 per cent. Schlesinger has termed this as being caused by “flyback
resonance.” This is shown in Fig. 4-43.

Fig. 4-43. Resistance damping inereases the deflection sensitivity,
for the sweep starts at —0.135 4 rather than at zero.

In summary it may be said that the characteristics of resistance
damping makes its use in low-frequency deflection systems quite
satisfactory. Its comparatively slow flyback and power loss generally
prevent its inclusion in the horizontal sweep system.

4-17. Diode Damping

We have just seen that one of the prime difficulties in the resistance-
damping system is that it still does not provide a flyback time which
is in the order of the minimum possible value which is determined
by the total shunt capacitance in the circuit. This came about
because the actual shunt oscillatory circuit was replaced by a series
resonant circuit involving C, which is larger than C. Since the prob-
lem revolves about some satisfactory means of placing the damping
resistance in the circuit, the next step in development is to provide
some means of switching this resistance in and out of the circuit.
This is the basis for the so-called diode-damping system which em-
ploys a vacuum diode as a svnchronous switching element. Shift
is made so that during flyback the resistance is out of the circuit, and
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the retrace speed is determined by L and C. After a complete
reversal of current, the resistance is switched in to damp out further
oscillations and the sweep generator voltage is applied to the driver
grid. Since at the end of the current reversal the voltage across
the inductance changes polarity, a diode, which is inherently sensitive
to the direction of applied voltage, is quite feasible as a switching
device. This idea will be expanded in the following paragraphs.
Two forms of the basie circuit are shown in I'ig. 4-44. At a the
diode and damping resistance are across the primary of the deflection

DAMPING DIRECTION OF CURRENT
DURING SCAN
-l

DIODE

(a) = (b)

Fig. 4-44. Diode damping. (a) Primary damping.  (b) Secondary
damping.  (Courtesy of Proe. IRE.)

transformer: at b they are on the secondary side. Whereas the action
of both ecireuits is identical, the former requires a special filament
winding for the damping diode which winding requires relatively
high-voltage insulation and also adds to the total circuit shunt
capacitance which in the final analysis sets the lower limit on the
minimum flyback time. Hence, the circuit at b is preferred.

Consider the operation of the cireuit in more detail.  In Fig. 4-44b
the direction of voke current and polarity of voltage across the yoke
during the trace interval is indicated. Notice that during this period
the diode plate is positive relative to its cathode so that it conducts
and the damping resistor, R,, shunts the voke; the voltage drop across
the inductance is

(er)n, = Li(1 + p)fs (4-106)

At the end of 7, the current changes direction causing a reversal of
polarity across the yoke and the damping diode. The latter ceases
to conduct and R, is removed from the circuit. Thus during flyback
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the L-C circuit is free to oscillate at its “natural’” angular frequency,
which is, neglecting the secondary resistance,

w = \/L_LC (4-107)

where L and C are as defined in Fig. 4-37.
In this interval  is cosinusoidal and the yoke voltage is

(er)r, = — Liw sin wt (4-108)
The current and voltage throughout an entire sweep cycle are shown
in Fig. 4-45.

(a4

e

IH'— SINE WAVE

Y
Fig. 4-45. Yoke current and voltage.  Positive directions are those
indicated in Fig. 4-44(b).

Then at the end of r; the voltage again reverses polarity and the
damping resistor is switched in to damp out further oscillations in
the L-C circuit as rapidly as possible. Since these cannot be sup-
pressed instantaneously, a slight contamination at the beginning
of the next sweep occurs but if w is sufficiently high, this contamina-
tion will occur during the blanking interval and the picture proper
will not be affected.

In summary, then, we see that with diode damping the flyback
time approaches its theoretical minimum of one-half a cycle at w
defined by (4-107); R, is in the circuit only during the sweep part-
cycles. Two other important factors must be mentioned. First,
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that since R, is shunted across the yoke during scan, its effect must be
taken into account when the driver and trapezoidal generator are
designed. Secondly, since K, is shunted across the yoke during the
damping interval, its value may be estimated with the use of eq.
(4-80). In this connection it must be remembered that the damping
diode itself does not function as an ideal switch and its plate resistance
enters into the effective value of damping resistance shunted across
the deflection circuit.

Then, to finish the discussion, economically from the manufac-
turer’s point of view diode damping is less desirable than the previ-
ously mentioned types because of the added cost of tube, socket, and
increased demand on filament power supply. These are outweighed,
however, by the short flyback attainable, and diode damping enjoyed
extensive use in the horizontal systems of prewar television receivers.
It still does not represent the best that may be reached in scan circuit
design, for even though complete current reversal occurs during 7y,
still the energy stored in the yoke is damped out as rapidly as possible
and the driver must furnish almost the total peak deflection current 2
as shown in Fig. 4-45. This latter po nt is significant because it
marks the difference between the diode damping just described and
the more recent reaction scanning, some forms of which may use a
diode as a control element.

4-18. Reaction Scanning'®

We have just seen that in diode damping the energy which is stored
in the deflection inductance at the end of 7, is dissipated by switching
the damping resistor, R,, into the circuit. Since this represents a loss
of power, the following idea occurs: Is it possible to control this
energy in such a manner that it will produce a component, of current
which will eontribute to the linear build-up required for scan? If
such a system is possible, it will have an efficiency much greater than
that of the previously described ones because the stored encrgy will
be used rather than lost. To this end, the circuit of Fig. 4-46 may
be used and the so-called system of reaction scanning will result.

We next consider the action of the circuit in steps, each of which
corresponds to a distinct part of the operating cycle. Reference to
Tig. 4-47, which shows each step, will aid in the discussion. At the

18 Instruction Book for Monoscope Camera Type TK-1A, RCA, Engineering
Products Department, November 1946. See also A. W. Friend, op. eil.
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Fig. 4-46. Reaction scanning. (a) Basic circuit. (b) Simplified
equivalent eireuit.
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Fig. 4-47. Step-by-step operation of the reaction seanning cireuit.
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outset we note that the plate currents of both the driver and damper,
V1 and V., respectively, will be determined by their respective grid
voltages. For added clarity we shall assume V cut off in the first
7, interval from A to B. Thus from A to B the component of
deflection current furnished by the driver, 7, will build up linearly
in time. At B, which defines the end of 7,, ¥y and V7 are cut off
and the active circuit during 7; consists wholly of the L-C combina-
tion which is free to oscillate. Ilence as the field about L collapses,
an oscillatory eurrent i, flows as shown at b.  This will be a damped
cosinusoid, the damping being the result of the resistance inherently
associated with the combined yoke and transformer inductance, L.
Notice that at C, the eurrent reverses direction and it is labeled i_
10 avoid confusion, the negative sign indicating that the current is
flowing upward through L as at ¢. Notice further that even though
the current has reversed direction, its slope remains negative so that
the voltage polarity across L remains unchanged.

At d the current has completed its reversal, that is, one half-cycle
of the oscillation is completed, which incidentally defines ;. Then
175 is made to conduct and 7_ must follow the grid voltage on 1’; as
far as shape is concerned instead of continuing as a cosinusoid.
1lence, 1_ may be made linear, and its slope is such that the voltage
across L reverses polarity again as shown at d.  llere is the essence
of the whole system, for this component of current 7_, which is caused
by the energy stored in the L-C network, is constrained by 15 to
follow a linear path, which conlribules lo the tolal yoke cwrrent during
the scan instead of being damped out in a resistance.

But notice that at 7;, 13 also conduets, causing 7, to flow as pre-
viously deseribed. Hence, the resultant current 7o which flows
through £, is the algebraic sum of 4, and 7_ during the scan interval.
This is shown at ¢. All of the wave forms involved arc shown to-
gether in Fig. 4-48, where it may be seen that 7_ contributes to the
left-hand portion of the sweep and 4, to the right-hand portion.

The prime advantage of the civeuit over those previously deseribed
is immediately apparent: the driver must furnish only one component,
1., of the total current instead of the peak-to-peak value, 7, because
the energy stored in the L-C network has been put to use rather than
wasted. One might assume from I'ig. 4-48 that 7, is only one-half
of . Actually, however, since the current during 7, is damped, the
peak value of i_ is only some 60 to 80 per cent of the peak value of 7.
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Thus the driver must furnish something over one-half of the sweep
current, but the reduction in deflection power over that in the systems

previously defined is quite signifi-
cant. Still another advantage in the
present system is that 7_ may be
used to iron out nonlinearity in ¢, at
the center of the sweep by suitable
shaping of the grid voltage supplied
to V. This compensation can yield
a net current 75, which possesses
excellent linearity.

On the other hand, it must be
pointed out that the circuit is re-
latively complicated and expensive.
Also, means must be provided for gen-
erating the V. control grid voltage.
This voltage may be obtained from
the square wave portion of ¢, shown
in Fig. 4-48d. The complete cir-
cuit is shown in Fig. 4-49. C, and
Ry comprise the circuit for developing
the control grid voltage. P, and P.
adjust the d-¢ component of dam-
per grid voltage and so serve as lin-
earity controls. Pj; controls the d-¢
current through the deflection coils
and hence is the positioning control

e
CUTOFF [ ———— U______U__ t

(b)
:/§ k /é t
()

U(d)U

Fig. 4-48. Wave forms in the
reaction scanning circuit. (a)
Driver grid voltage.  (b) Damper
grid voltage. (¢) Currents. (d)
Voltage across the inductance.

which determines the ‘“‘rest” position of the electron heam in the

horizontal direction.
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Fig. 4-49.  Complete damping system for horizontal reaetion scanning.
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The added cost of the grid-controlled damper tube and its control
circuit is quite justified in equipment used at the pickup end of the
television system because it does provide a high degree of trace
linearity. In the manufacture of television receivers which must sell
in a highly competitive market, however, it is desirable to reach some
compromise between the high cost and high efficiency. One such
compromise is to replace the grid-controlled damper by a high-per-
veance diode.”® This allows a less expensive tube to be used, and the
grid control circuit may be eliminated. The resulting circuit, which
is shown in Fig. 4-50, closely resembles that previously described

DAMPER
DRIVER ) 5V4-G
DTS
L 1
B+
= (a) (b)

Fig. 4-50. Reaction scanning with a high-perveance diode damper.
(a) Basic circuit. (b) Cireuit redrawn for convenience,

in the section on diode damping, but differs from it in that the
damping of the flyback transient during 7, is controlled so that once
again it contributes to the magnitude and linearity of the final
deflection current.®

A disadvantage is incurred in the use of the diode in that the trace
linearity is poor during the first 10 per cent of the sweep. The
additional elements shown in the diagram serve to compensate for
this, R4 providing a means of controlling the voltage applied across
the damper tube by the sweep cireuit and is set to the proper value
at the factory. L, which is variable, serves in the same capacity.

19 The term “perveance” is frequently neglected in cleetronies,  In the em-
pirical form of Child’s equation for a space-charge-limited diode

i = Ko,®

K, a constant determined by the electrode geometry of the tube, is the perveance.
See, for example, Y. Kusunose, “Caleulation of Characteristies and the Design
of Triodes.” Proc. IRE, 17, 1706 (1929).

20 A W, PFriend, Television Defleetion Cireuits, Part 11, op. cit.
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A final point to be mentioned about the cireuit is that it utilizes
the d-c voltage developed across the yoke during r,, the possibility
of which was pointed out in the section 4-10. Ilow this is effected
may be seen by reference to ¥ig. 4-50b, where it is pointed out that
the B supply voltage is furnished to the driver plate through the
damper diode. Thus, since the damper and yoke are in series with
the B supply, the voltage developed across the yoke will be added
to B+ when the diode is conducting, i.e., during r,, We have pre-
viously seen that the voltage developed in this interval is constant
and in typical circuits has a value of some 50 volts. Thus this
hooster circuit furnishes an increase of 13 per cent over the power
supply voltage to the driver plate circuit.

4-19. The Flyback Power Supply?

In those damping systems which permit one half-cycle of oscillation
during the flyback interval a half-sine wave pulse of voltage is
developed across the yoke in this same interval. This had been
shown in Fig. 4-45 and the magnitude of the pulse is given by eq.
(4-108). Since the transformer is wound step-down from primary
to secondary with a turns ratio n, this voltage will also appear on the
primary side of the transformer but with » times the amplitude. Its
peak value, which occurs at the center of ;, will be

é = nliw (4-109)

and in typical cireuits for, say, a 10-in. cathode-ray tube will range
in the order of 3000 v for a sweep frequency of 15.75 ke.  Furthermore
its polarity is positive to ground and hence may be used as the voltage
source for a pulse type d-¢ power supply. The current capabilities of
such a supply would be small because of the low energy content of
the individual pulses supplied, but since the beam current of typical
cathode-ray devices lies below 100 wa, such a power supply is ideal
as the second anode supply for such a device. It is relatively in-
expensive, light as compared to a 60-cycle iron-core transformer

2 The author is indebted to Drs. P. C. Goldmark and Kurt Schlesinger, both
then of the Researeh and Development Division of the Columbia Broadeasting
System, for making available to him carly in 1916 preliminary data on the flyback
power supply developed for the CBS Color Television receivers.  Since that time
a number of refercnces have hecome available in the literature; for example,
M. Cawein, “Iligh Voltage Power Supply for Television Receivers,” Radio News
(Radio Electronic Engineering Edition), 35, No. 6, June 1946,
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supply, and has the added highly desirable feature of being compara-
tively safe because of its poor regulation. .\ word of caution must be
added, however. A high-voltage power supply is never completely
safe; it should always be disconnected whenever work is done on
associated equipment.

The basic cireuit for the power supply is shown at Fig. 4-51a.  Two
prime difficulties are present in the basic circuit, the first of which is
apparent from the diagram: The rectifier cathode is at high voltage
relative to ground and hence requires a well-insulated filament supply,

RECTIFIER

LOAD

“YOKE AND
DAMPER
SYSTEM
. (a)

Fig. 4-51. The flyback power supply. (a) Basic circuit.
(b) Typical cireuit with an autotransformer to step up the pulse
voltage applied to the reetifier.

separate from that furnishing the other tubes in the equipment. To
this end special vectifier tubes which require only fw of filament
power have been developed, for example the 1Y3 by Chatham Elec-
tronics and the 8016 by RCA.  This low power may be obtained from
the pulse source itself by loosely coupling a single turn to the driver
output transformer as shown in Fig. 4-51b. Proper adjustment is
secured by varying R; until the filament exhibits a dull red color.

The second difficulty with the basic cireuit is that its 3000-v
capabilities are below the demands of the more recent cathode-ray
tubes. This is overcome by adding an autotransformer winding with
a 3 to 1 step-up ratio on the primary side of the driver transformer.
With this device the d-¢ output from the rectificr is approximately
9000 v.

The high voltages developed require a driver tube with a high
inverse peak rating, which may be had in the type 6BG6-(5, a special
form of the more familiar 807 beam power tube. Iiltering problems
in the power supply are negligible. Because of the low current drain
imposed by the cathode ray tube K may be used in place of an
inductance as the series filter element. A resistance at this point is
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also advantageous because it results in poor voltage regulation and
added safety to personnel. The power supply is operated at line
or horizontal sweep frequency so the fundamental ripple component
of the voltage output is high, say above 15 ke; hence C, generally is
in the order of 500 micromicrofarads. Special ceramic condensers
have been developed for this type of service. The output capaci-
tance, Cs, is shown dotted in the diagram because it is furnished by
either the capacitance-to-grounded-shield of the high voltage lead or
by the capacitance between the aquadag coatings on the interior and
exterior surfaces of the cathode-ray tube envelope.

In certain types of service, notably those employing the type 5TP4
projection cathode-ray tube, voltages far in excess of 9 kv are required.
It might appear that the flyback power supply might be modified to
deliver these higher voltages by the simple expedient of raising the
step-up ratio of the autotransformer ahove the 3 to 1 value previously

>
>

é

p—

1

>~

g1

specified. As a practical matter, this is not feasible because of the
deleterious effects of shunt ecapacitance which would become pro-
hibitively large with the larger step-up ratio. The solution to the
problem lies in utilizing a voltage multiplier circuit in place of
the simple rectifier shown. A typical voltage tripler of this type is
shown in Fig. 4-52. Since the three lower condensers are each
charged to approximately &, the load voltage which is across all three
in series will be three times as great. Practical values of output
voltage for this circuit range up to some 27 kv, but this may be raised
by cascading additional multiplier stages.

A highly desirable feature of all the flyback-type power supplies is
that if the horizontal sweep should fail, the accelerating voltage is
removed from the cathode-ray tube, thereby preventing the unde-
flected electron beam from burning the fluorescent screen.

Fig. 4-52. Flyback voltage tripler.



CHAPTER 5
SCANNING AND PICTURE REPRODUCTION*

We saw in Chapter 1 that the principle of scanning is basic in the
transmission of television images and that in order to convert the pic-
ture image into an electrical image the picture must be scanned by
some sort of a defining aperture backed by a photoelectric transducer.
More precisely, if we consider the original picture to be a still photo-
graph described by

B = f(z,y) (5-1)

this must be transformed to give a corresponding electrical signal
which is a function of time. Then since the scanning pattern is
orderly and prearranged, every instant of time ¢ is related to a specific
space co-ordinate pair (z,y), and there results a corresponding elec-
trical signal

E = f@t) (5-2)

which may be delivered to the communication channel. This signal
for the picture assumed repeats itself after each frame interval and
hence may be expanded in a Fourier series. As might be expected,
the frequencies of the several Fourier components are independent
of the picture content, being determined solely by the scanning fre-
quency, and their amplitudes and phase are determined by the
picture, being independent of the scanning process. In the present
chapter we shall evaluate the frequency components to determine
the basic picture structure, and then investigate the effect of a finite
scanning aperture on the signal and on the reproduced television
image.

To simplify the discussion we shall consider a simple facsimile

1 P. Mertz and F. Gray, “A Theory of Scanning and Its Relation to the Char-
acteristics of the Transmitted Signal in Telephotography and Television.”
B.S.T.J., X111, 3 (July 1934).

2 P. Mertz, “Television—The Scanning Process.” Proc. IRE, 29, 10 (October
1941).

150



§5-11 SCANNING AND PICTURE REPRODUCTION 151

system as proposed in Fig. 1-7 and 1-8.  This allows a good physical
interpretation of the concept of the scanning aperture.  The concept
will be extended to include the aperture of an electron beam in the
latter part of the chapter. Since the scanning process is similar in
facsimile and television systems, except for the speeds at which the
scan is carried out, the results are general and in all respects directly
applicable to the television system. As a starting point we wish to
investigate only the frequency spectrum of the generated signal.
Thus to eliminate other effects we shall assume a point aperture,
1.e., a scanning aperture of infinitesimally small size. Furthermore,

h = -\*ﬁ_\ e 1 FRAME >
R e
N+t niz -

Fig. 5-1. The progressive scan pattern on a single image may be
replaced by a single-line scan on an infinite array of identical images.

the retrace of the scanning spot, in both the horizontal and vertical
directions, introduces mathematical difficulties without changing the
frequency components. To overcome this difficulty we shall consider
the actual picture to be replaced by an infinite array of identical
images. By this deviece the actual progressive scan pattern on the
single image may be replaced by a scan of constant speed and direc-
tion along a single line running across the infinite array of identical
images. This is illustrated in IFig. 5-1.

5-1. The One-dimensional Series

If, for the moment, variations in intensity normal to the scan direc-
tion be neglected, the equation for the brightness along the scanning
line may be represented by the Fourier series

- 2
B) = ¥V b cos( ,’;’j’ + 0k> (5-3)

k=0

Further, if the transducer now be made to move along the scanning
line with a uniform velocity u, the voltage developed will be
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E@) = E ar cos (2mkf,t + 0x) (5-4)
k=0
where f» = frame frequency (5-5)

1
time to scan n images

_ 1

Ve

Equation (5-4) results directly because 2 and ¢ are directly related
through the constant scanning velocity, w. Inspection of the equa-
tion shows that the frequencies present are all integral multiples of
the frame frequency, f,.  This is to be expected because the frequency
components in a IFourier expansion are always integral multiples of
the lowest or fundamental repetition frequency, which in this case
is the picture repetition rate, f,.

Although the Fourier series of (5-4) is quite satisfactory from the
point of view of the communication channel, which requires a single-
valued function of time, neither it nor (5-3) contains information
regarding the brightness variations in the direction normal to that
of the scan. That is, neither expression contains information needed
to reconstruct the two-dimensional image at the receiving end of the
system. Thus, in place of the one-dimensional series, a two-dimen-
sional one is required.  Once this has been set up, the corresponding
E(t) may be written because, as we have seen, each value of ¢ corre-
sponds to a fixed point (x,y) on the image because of the orderly
scanning pattern.

5-2. The Two-dimensional Series

To derive the bidimensional series, consider Fig. 5-2. Note that
the positive direction of y is chosen downward to conform to our
standard proposed in Chapter 2. Now along any single scanning
line, say y = ¥, the variations in brightness may be represented by
the trigonometric series

0

orkax
Bla,y) = Z by cos ('TZ;I =+ Ok) (5-6)
k=0
in the interval 0<r<aw

In a similar manner the variations along another scanning line, say
y = y;, may be represented by another series, similar in every respect
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to (5-6) except that the amplitudes, by, will be different hecause the
point aperture is moving along a different line. In other words, b,
is itself a function of y and hence

may also be expanded in a Fourier X
seties. g‘ e —T
- 2rly e
by = bircos(—2 + ¢ 5-7 -
i E )u(‘05< A + l) (6 ) h Q y=y;
1=0 _—
. - - \
This situation may become more —_—
clear by vreferring to Fig. 5-3,
w

which shows a model of the bright- ) ]

.- q q q Iig. 5-2. The progressive scan
ness distribution in an arbitrary raster. The positive directions of
image composed of a number of rand yare defined.
concentric dark rings on a white
background. In the model vertical height at each point is pro-
portional to the brightness of the corresponding spot in the image.
At ¢ the model is split along y = 5 and the brightness distribution
along that line is given by (5-6). At d the block is split along a
vertical line (z = cst) and we see that another distribution is ap-
parent which is given by (5-7). 1t follows, then, that the distribution
over the entire swiface may be obtained by substituting the second
of these equations into the first and there results

®©

Bxy) = E E b1 cos <21rk:r + 0k> cos (%’ 4+ 01) (5-8)

w
k=0 =0

and expansion of the eosine cosine product yields

B(zy) = 2 % 32 cos [27r (i—r i ZJ> + (6 + o,):l

k=0 1=0

+ g cos [27r <f‘7:" _ Zl) ¥ (6 — 01):l€ (5-9)

Further simplification results by changing the variable in the second
summation within the braces from I to —I. This yields

ik w2 kr 1
B(zy) = E —)2"1 cos I:QW (“‘—T + hy> als 0}:1:] (5-10)

k=0 |=
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Sokbinade _._;_ - L i - it .
(c) (dh

Fig. 5-3. A three-dimensional model illustrating the brightness
variation aeross the image field.  (a) The complete model.  (b) The
brightness distribution along an arbitrary line y = ». (¢) The
brightness distribution along another fine y = #. (d) The bright-
ness distribution along a vertical line r = e,

where 0= 0+ 6, >0
and 9“ = Bk - 0[ l <0

Equation (5-10) gives the brightness at any point (x,y) in the two-
dimensional image in terms of a double I"ourier series.

5-3. Interpretation of the Double Fourier Components

In the last erjuation by is the amplitude of any single component
(k,)) and may be evaluated in the same manner as is used for the
one-dimensional series. We shall not attempt this actual evaluation
beecause the work would be tedious and would contain no information
about the frequency spectrum and the like. It would be desirable,
however, to consider this question: What is the physical meaning of
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each of the components of the double series? Now, in a one-dimen-
sional Fourier series each component is a single sinusoidal wave.
Extending this concept to cover the present case we see that each
component here is a sinusoidal variation across an area. We can
make this more clear by considering a specific component, say, for
k = 1and ! = 2, and for further simplification we shall assume that
61> = 0. Then, if we consider the variation in z along the uppermost
line where y = 0, we have from (5-10)

b f2mx _
Biy(2,0) = > cos( ” ) (5-11)

which represents a single eycle of a cosine wave shown in Fig. 5—4a.
Similarly, along another scanning line y = y; the equation is

b 2 2 -
Bi(x,yy) = g cos (%;T + %) (5-12)

Since the second term is constant along the line, (5-12) again repre-
sents a cosine wave but shifted relative to the first by an angle
2myi/h.  This is shown at b in the diagram.
Along another line, y = y,, we have sti’l
another cosine wave but shifted this time (a) -2
by an angle 2wy./h relative to the first as
shown atec. Thus as we move downward
across the image, the cosine wave suffers (p) -
a progressive shift in phase toward the
left. Now, remembering that these
waves represent variations in brightness, (¢) -
we sce that each component of the double
series is a two-dimensional variation in
brightness whose maxima and minima Fig. 5-4. For cach value of
move toward the left as y increases, y the cosine wave is shifted by
t.e., downward in the diagram. For our an angle 2ry/h from the top
specific example the brightness variation V¢
along any vertical line, say z = 0, is, from (5-10),

—+-y=o0

Y EY

-“4Y=Yy2

Bu(0y) = % cos QL;fl’ (5-13)

This, of course, represents 2 cycles of a cosine wave. The resulting
component By, is shown at a in Fig. 5-5. In the figure the relative
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amplitude is represented by the closeness of the lines. The locus of
a maximum lies where the lines are farthest apart.
[t is now a simple matter to ex-

c - 3 tend this concept to the general

: h

f 1 component k =4k and [ =1

= n QV' IFrom (3-11) and (5-13) we see

- . that there will be k eveles of vari-
(a) (b) ation along a horizontal line and

Fig. 5 5. (a) The Fourier compo- [ variations along a vertical line.

nent for the index pair /:.= Li=2 " T¢g aid in drawing these compo-
(h) The slope of the striations may be
et nents we can caleulate the slope

of the maxima across the field.

In Fig. 5-5b the maxima of the striations are represented by the solid

lines shown. Then, reading from the diagram,
kh
e

slope = (5-14)
The negative sign is introduced because the assumed positive direc-
tion of y is downward. With this information we ean readily sketeh
the typical components of Iig. 5 6. The solid lines indicate the

o B RS

— — : . : ’////’//4 ..5\\“\\\\\
________ I B [ e B SN

k=0,l=0 k=0,1l=1 k=1,1=0 k=2,1=3 k=2, l=-3

Fig. 5-6. Tvpical double Fourier components. 8y is assumed
to be zero.  Brightness maxima are represented by the solid lines
and brightness minima by the dashed lines,

positions of the brightness maxima; the broken lines, the minima.

It is of interest to note that the concept of wave length, \, of a
picture component may be applied here since it is defined as the
distance between two adjacent maxima in the direction normal to
the line of the maxima. Thus

1

RCROI

In summary, then, we see that the concept of the Fourier series
may be extended to eover a function of two rariables. Thus any



§5-4] SCANNING AND PICTURE REPRODUCTION 157

picture, any distribution of brightness across a bounded area, may
be considered to be composed of the superposition of an infinite
number of field components of the type illustrated in Figs. 5-5a and
5-6. The wave length and slope of each such component is deter-
mined solelv by the arca of the picture. The amplitude of each
component is determined by the picture content. As in one-dimen-
sional Fourier analysis the amplitude and phase of every component
in a still picture are fixed in time. A change in subject alters these
component amplitudes and phases but has no effect on the wave
length or slope.

5-4. The Electrical Signal and lts Spectrum

We have repeatedly stressed the point that the orderly scanning
proeess relates each point (r.y) in the picture to a specific value of
time, {.  We can, therefore, write the equation for the output in time
of the transducing element. Thus let

w = T = horizontal scanning velocity .
{ (5-1G)
y . . .

v=y= vertical scanning velocity

Then, corresponding to (5-10), we have

E@) = Z ﬂ co%[ <I;l:l + [ )t + 0“] (5-17)

This is the electrical signal delivered to the communication channel
and it does contain the information regarding brightness variations
normal to the direction of scan.

In Chapter 1 we saw that the communication channel must be able
to accommodate this signal.  Consequently it is of importance to the
engineer to investigate the frequency spectrum of this signal, which
may be conveniently accomplished by introducing frequency into
the last equation. Then, since in the progressive sean, which has
been assumed, the vertical height of the picture is scanned in the
time 17,

h

v==— = hf, (5-18)
Vs
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and in the same interval n lines are scanned or the total horizontal
distance covered is nw. Hence,

u = nuwf, (5-19)
Substitution in (5-17) yields

EQ®) = Z Z - €08 [2x(knfy, + Ufp)t + 6Oui] (5-20)

=0 l=-w

which has a frequency spectrum
k(nfp) + U (5-21)

Notice that the first term gives multiples of the line, or horizontal,
scanning frequency nf,; the second term gives multiples of the frame
frequeney. Hence the spectrum of the eleetrical signal consists of
groups of frequencies, each group being centered on a multiple of the
line frequency. In each group adjacent frequencies are separated
by the frame frequency. A portion of a typical spectrum is sketched
in Fig. 5-7. Amplitudes of the individual components are chosen

+f=% f=nfp f= (2n+1)+'p
ll lllrll ||[
ko

loi1223 -3-2-10123 -3-2:0123

Fig. 5-7. Portion of the spectrum (5-21). Frequency groups
are centered on multiples of the line frequency.  Adjacent frequency
components differ by f,.

arbitrarily. It should be noticed, however, that the amplitudes
decrease as either k or ! increases, a necessary condition if the series
is to converge.

Inspection of the figure would lead one to surmise that blank
regions oceur in the spectrum of the electrical system. The existence
of such regions has been verified by actual measurement on the signal.
It seems unusual, however, that such null regions are present between
frequency groups; one might readily expect them to contain com-
ponents of low amplitude. Actually the existence of such weak
amplitudes may cause confusion in the reproduced image, and suitable
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aperture choice may eliminate them as we shall see in the following
sections.

5-5. Confusion in the Signal

In drawing the spectrum of Ifig. 5-7 it was assumed that the
picture content was such that ! remained sufficiently small that
adjacent frequency groups were separated by a null region in the
spectrum. The assumption to the contrary, it might well be that two
field components with indices (k,l) and (&',I") exist, such that

nk+1=nk"4+10 (5-22)
Under this condition both field components have frequencies in
common, t.e., the adjacent group side bands overlap. Then, since
the equipment cannot distinguish between the coincident compo-

nents, confusion results, a condition which is illustrated later in the
chapter. A typical spectrum of this type is shown in I'ig. 5-8 where

..nllll...

K+1

LU TRRii
Ll

K+1
RESULTANT SIGNAL

llli“lkllll

+2

Fig. 5-8.  Adjacent frequeney groups may overlap, causing con-
fusion,

adjacent frequency groups are shown on different levels for clarity.
This overlapping of frequency components with its attendant con-
fusion may be eliminated by insertion into the system at the proper
point of a device which cuts off all frequencies corresponding to I in
excess of n/2. This may be seen quite readily from the following
considerations, The spacing between adjacent group center fre-
quencies is nf,. Then to prevent overlap the side bands of any group
must be limited to nf,/2. Hence,
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If, < % (5-23)
which verifies the statement.

Notice that the suitable filtering device cannot bhe placed in the
electrical portions of the over-all system hecause the transducer out-
put contains the coincident confusion components, which—onee
generated—cannot be separated. 1t follows, thercfore, that the
filtering must be done between the original picture and the transducer,
i.e., by the aperture itself. [t is fortunate that the aperture, which
has been assumed to bhe a point thus far in the discussion, when
properly designed climinates these overlapping frequency compo-
nents. Consideration will be given to this problem after we have
investigated the effect of a finite rather than a point aperture on the
picture signal.

It must be stressed that the various spectra discussed above are
for a still picture. 1f the picture content varies in time, the ampli-
tudes ag will also vary. Henee each frequency component will be
amplitude-modulated with the result that additional, new side-band
frequencies will be added in the spectrum.  The analysis for such a
varying picture hecomes too involved to be of value.

5-6. The Efect of Interlaced Scanning

The work of the previous seetions has been derived for a progressive
scan pattern. We must now consider what effect, if any, a 2 to 1
interlaced scan would have on the frequency components of the

‘ W
] 2 3 I ——

|
I
T TR
L (W] nw
| ek ——
Fig. 5-9.  The 2 to 1 interlaced sean pattern may be replaced by a
single-line sean on an infinite array of identieal images.

picture and the frequency speetrum of the corresponding electrical
signal. In order to eliminate the mathematical difficulties associated
with flvback, we shall assume once again an array of repeated
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pictures. The particular configuration to be used is given in Fig.
5-9 which also shows a scanning path which meets the interlace
requirements.  Then, following the method used for the progressive
sean, we observe that the brightness along the line over a width w is
still given by eq. (5-6). Since, however, a vertical height of 2
is covered in seanning one eomplete picture, by now becomes

3 2nl*
bie = Z byor (t(>s< 72r h Y + 01*) (5-24)

1=y

And, finally, the double series is

oy b [ (K Ty )
B(xy) = Z o COs |:27r< " + 2 + Orxs
P R gt L (5-25)
where Orrix = Opx 4+ Op%, *>0
Oprpx = O — 01*, *<0 J

We use the notation k* and I* to indicate the set of indices for any
Fourier component in the interlaced scanning system. The need for
these additional symbols may be seen from the following consider-
ations. The I'ourier componentsfork = 1,1 = landk* =1,1* = 1
are not the same. The first pair, which corresponds to the progres-

k=1 1=1 k=1 1*=1 k*=1 1*=2
r// //, e
//‘h // I 7
7 4 //
2h
w ! // / e 1
| 7 s | L~ 2 J
|/ 7 I
V_/_ ] AP
w
~~kh_-3 _-k*2h _ 3 -k¥2h _-3
SLOPE = Tw- 3 SLOPE = W =2 SLOPE= W =2
) (b) (c)

Fig. 5-10. Comparison of the Fourier components for progres-
sive and interlaced seanning.  For a given component in the pic-
ture I* = 2. (a) The Fourier component for &k = 1, { = 1 in the
progressive sean.  Slope = —kh/lw = —§. (b) The component
£* =1, I* =1 for interlaced scanning differs from (a). A to-
tal height of 2k is shown to simplify the construction. Slope
= --k*2h/l*w = —%. (¢) I* must be doubled to produce the

componentshown at (a) in interlaced scanning. Slope = —A*2h/*w
- _3

= -3,
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sive scan, represents a component with one cycle of brightness varia-
tion across each dimension of the picture area, while the second set
corresponding to interlaced scanning represents a component with one
cycle of variation across the picture width and one cycle of variation
across twice the picture height. These facts may be verified from the
arguments of eq. (5-17) and (5-25). The two Fourier components
are illustrated at a and b in Fig. 5-10.

It follows at once, then, that if k and [ be used to indicate a specified
Fourier component in the picture, the corresponding index pair for

that component in the interlaced scan will be
K=k } (5-26)
I* = 2l ?

Then, to evaluate the frequency spectrum of the electrical signal
corresponding to (5-25), we need only convert z and y into terms of
frequency and time, thus,

u = nuwf, } (5-27)
and v = 2hf,
whenece E(f) = E “—‘2L cos [2r(k*nf, + D)t + Oins] (5-28)
k=0 *=0

If, now, (5-26) be utilized, we have for the electrical signal cor-
responding to the (k,I) component in the picture

@
y

E(t) = 2’ cos [2r(knfp + 20t + 6]  (5-29)

0
k=0 1=u

Therefore we see that in interlaced scanning the spectrum of the
electrical signal consists of frequency groups centered on multiples
of the line frequency (knf,), but adjacent frequencies in each group
are scparated by twice the frame frequency of field frequency. A
comparison of the spectra for a given set of indices resulting from
both types of scan are illustrated in Fig. 5-11. In the figure » is
chosen to be 9 for simplicity; the progressive scan spectrum is shown
at the top of the diagram and the interlaced scan spectrum at the
bottom.
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Fig. 5-11. Comparison of the spectra for ninc-line progressive
and interlaced scan systems. The arrows indicate components that
correspond to a given index pair in the original picture. (Courtesy
of Proc. IRE.)

5-7. Aperture Distortion

Our previous analysis has yielded an expression for the voltage that
results from scanning a still picture with a photoelectric transducer
through a point aperture. From this we found that the frequencies
in the signal are functions of the scanning process alone. Further,
the amplitude and phase of each component are determined solely
by the picture itself. Now ideally the picture transmission system,
whether television or facsimile, should reproduce at the receiving
point a picture having the same components in frequency, amplitude,
and phase that arc present in the original picture. As a practical
matter, of course, this ideal condition is not met. The response
characteristics of the communication channel proper modify the
relative amplitude and phase of these components. Furthermore at
both ends of the system the scanning apertures are of finite size and
also serve to modify the component amplitudes. This latter effect is
called aperture distortion, and in section 5-12 we shall derive a quan-
titative expression for its effect. Our over-all method shall be to
derive expressions for axi, k1, ay, and 6y, the primes referring to the
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receiving end of the system. Since an ideal communication channel
will be assumed, the differences between the original and reproduced
components will be a measure of the distortion introduced by the
finite aperture size.

5-8. Physical Concept of Aperture Distortion

Before proceeding to an analysis of the distortion it is well to get a
physical picture of its effect. In Fig. 5-12 the original picture is
assumed to be a square white spot on a black
(o) = line, whose brightness distribution in r is
shown at b.  When scanned through an infin-
itesimally narrow aperture, the abrupt changes
in brightness at the boundaries of the white
spot are followed exactly by the transducer
whose output is given at ¢. If, on the other
hand, the transducer sees the picture through
an aperture of finite width, it cannot repro-
duce the abrupt change at the boundaries.
Fig. 5-12. Apcrturv "

distortion.  (a) Original At each position of the aperture the transducer
picture. (b) Brightness output is proportional to the average value of
distribution in & (¢) hrightness which it sees. Hence its output

Voltage after scanning .
by a point aperture. (d) reaches the maximum gradually, as shown at
Voltage after scanning d. It will be observed that the effect of the
by an aperture of finite  gperture on the signal is similar to that of an
width, ideal low-pass filter which has no delay or
phase distortion: an applied square pulse has its corners rounded off.

(b) &

(¢) €

m

5-9. A Digression on Exponential Series

In the work to follow considerable simplification results if the
Fourier series is expanded in terms of exponential rather than trigo-
nometric components. The method of deriving the expression for
the component amplitudes is similar to that used in the more familiar
sine and cosine form of series. Thus say that a function F(s), which
is periodic in 2, is to be expanded into an infinite sum of exponential
terms which are harmonically related, that is, we assume the identity

F(¢) = Ayeite (5-30)
13 _Z—ac

where £ is an integer.
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In order for (5-30) to be an identity the complex amplitudes Ay
must be evaluated correctly. To do this we multiply both sides
of the equation by e7¢d¢ and integrate between the limits 0 and
27 (or —7 and +7)

2x @ 2%
F(d)e—i9dd = A it —nogd -31
L ()errodg E [) € ¢ (5-31)

k= —omo

On expanding the right-hand member we find that two types of inte-~
grals are present

(a) k= r 1 for which the integral is zero since the

k = —r | integrand is periodic in 2.
2% (5_32)
b)Y k=r for which f Ad®dd = A X 2
0
Therefore, (5-31) reduces to
2%
A= %L F(p)e*2dg (5-33)

and the amplitudes are evaluated.

The same result may be obtained by substituting Euler’s identity
into the trigonometric expansion of F(¢). This latter method does
not require the intelligent guess of multiplying the equation through
by ei¢ but it involves considerable algebraic manipulation. The
series (5-30) is equivalent in every way to the more familiar trigo-
nometric expansions. A, will generally be complex, that is, it includes
the phase-angle term of the sine or cosine series form, except where
F(#) is an odd or even function.

In the work to follow the exponents contain several terms. We
shall, therefore, write the exponential in the notation of the complex
variable

exp ¢ = ¢*

5-10. One-dimensional Case

For simplicity we shall begin the analysis of aperture distortion
with the single-dimension case. This will then be extended to the
more general one. Consider first the situation at the pickup end
of the picture transmission system where the scanned picture has a
brightness distribution along the scanning line as shown in Fig.
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S(é) APERTURE ORIGIN
|
X

e x— el

Fig. 5-13.  Co-ordinate system for the finite aperture.

5-13. This brightness distribution may be represented by the trigo-
nometric series (5-3) or by its exponential equivalent

B(z) = E B, e\p< m’; ) (5-34)

k= —w

If, now, this were scanned by a transducer through a point aperture,
the corresponding electrical signal would have a form which we have
previously derived. If, on the other hand, a finite aperture is used,
a different condition obtains. ILet the response of the aperture itself
be that shown in Fig. 5-13 and further let it be represented mathe-
matically by S(¢) where £ is measured from the origin of the aperture
which may be chosen arbitrarily. Then the brightness distribution
seen by the transducer will no longer be B(z) but, say, Bi(x). The
reason for this will be clear when it is realized that when the aperture
is centered on z, the transducer sees the integrated brightness over the
whole width of the aperture. Thus the apparent brightness B;(x)
depends on both the original distribution, B(x), and on the aperture
response, S(£). These ideas may be expressed analytically. Thus,
if we let  be the co-ordinate of the aperture origin, the brightness
of the original picture at the point (x 4+ £) will be by (5-34)

27r1k(x + 9
Bx +¢) = B; ex [ jl (5-35)
k _Z—ao
and the apparent brightness at x will be
Bi(x) = f S(:E)B(T + £dt (5-36)
aperture

Actually the integral should be taken over the entire domain of ¢ but
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the contribution to the integral for all ¢ for which S(§) = 0 is zero.

The f is the only part of the total integral which is different from

perture
Zero.
If, now, (5-35) be substituted into (5-36) and the factor in z,
whieh is constant in the integration, be removed from within the
ntegral sign, there results

w©

By(x) = Y (k)By exp (2—-’7’%’9) (5-37)
k= — =
where Y(k) = fS(E) 5 (2—’,’}—:5) d (5-38)
aperture

and the electrical signal at x corresponding to the apparent bright-
ness is

Ei(z) = 5: Y (k) Ax exp (2—’;;%’) (5-39)

o i = . 2mjkut
or, in time, E,(?) Z Y (k)Ar exp ( 7.rnw )
k= —®

Z Y (k) Ax exp (2mjkf,t) (5-40)

f= — ®

In both of the last two equations the subseript 1 is used to indicate
that the voltage eorresponds to the apparent brightness Bi(z) seen
through the finite aperture.

Comparison of (5-40) to (5—4) shows that the effect of the finite
aperture is to multiply Ax of each frequency component (i.e., the
complex amplitude corresponding to each component in the original
image) by a quantity, Y (k), which is a function of the aperture size
and response. The same effect could be obtained electrically by
cascading with the communication channel a linear network which
has a transfer admittance Y (k); hence, Y (k) defined by (5-38) might
properly be termed the ‘“aperture admittance.”

Frequently the aperture response S(§) is symmetrical about its
origin or, in other words, it is an even function in . Where this 1s
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true, the imaginary part of the expanded exponential in (5-38) is
zero, and the aperture admittance reduces to

Y& = | S cos (2”“) d (5-41)
Jap ni
where S(£) is symmetrical.

Since the imaginary part is zero under this condition Y (k) is real
and hence introduces zero phase shift and hence no phase distortion.

Let us calculate the admittance of a typical aperture. Assume
that a rectangular mechanical aperture of width § is used. Its
response will be that shown at Iig. 5-14a. Sinee the response is
symmetrical in £, we have from (5-41)

3/2
_ 5 2wk
Yk) = Q.L S cos ( - )df

s <7r]\‘5)
sin | —
— S =B (5-42)

which has the (sin z)/x form. The envelope of this function is
plotted at b in the figure.

i
o
'

3 ! :(K)
| Y(k)
]
]
[}
; /\]\
>§, IN_ 27 7
d X
nw

() (b)

Fig. 5-1+.  (a) Rectangular aperture response  characteristie,
(b) Normalized aperture admittance Y (&) for the response shown
at (a).

It is interesting to note that Y (k) for several common aperture
shapes elosely resembles that shown for the rectangular response, at
least for values of & up to that of the first zero. It should be further
noted that physically Y (k) will not reverse sign as indicated in the
figure.
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The student might well wonder at this point what type of mechan-
ical aperture shape would give a response different from that of
Fig. 3-14a. In answer to this a special aperture and its response are
shown at Fig. 5-15. This particular form has been used to synthesize

2 & NN

(a) (b)

Fig. 5-15. A special scanning aperture. (a) Aperture shape.
(b) Its response, S(£).

mechanically the response of the clectron beam effective aperture
encountered in cathode-ray devices.® This type of response for an
electron beam is discussed at the end of the chapter.

5_11. Reconstruction of the Image at the Reproducer

Equation (5-40) gives the signal delivered to the communication
channel by the transducer. If the assumed electrical response of this
channel is taken to be ideal, the entire signal will be modified by a
constant factor W and the signal applied to the reproducing tranducer
will be

EV () = WE() (5-43)
and from this the transducer will produce an instantaneous brightness
b (t) = PWE(t) (5—44)

where P is a proportionality constant relating light to voltage. The
primes indicate quantities at the receiving end of the over-all system.

Now this light is displayed to the final viewer through an aperture
of finite size and of response S’(£); hence the apparent brightness at
any peint x along the playback scanning line will be the integral of
the product of transducer brightness and aperture response over that
length of time from —r to +72 required for the entire aperture to
move past that point. This is illustrated in Fig. 5-16. A suitable
change in the limits of integration results in simplification of the
mathematical manipulation which is to follow. This change is

3P. C. Goldmark and J. N. Dyer, “Quality in Television Pictures ”
J.S.M.P.E., XXXV (Scptember 1940).
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Fig. 5-16. Each point of S’(¢f) contributes to the reproduced
brightness at the point z.

brought about by noting that in assuming the single-line scan over
an infinite array of identical image fields as shown in Fig. 5-1, the
aperture moves past a given point z only once throughout all time
from the remote past to the ever-so-distant future. It follows, there-
fore, thau the contribution by the transducer to the apparent repro-
duced brightness at that point is zero for all times not in the closed
interval —7; <t < 4, and the limits of integration may be changed
to — o and 4 « with no change in the result. Then, integrating, we
get for the reproduced brightness at the point z

o

B/(z) = S () PWE\(t) dt (5—45)

Equation (5-45) gives the reproduced brightness at z in terms of the
incoming signal and hence, by suitable substitution, of the compo-
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nents in the original picture. But this brightness may also be ex-
pressed in a Fourier series in terms of the components of complex
amplitude B, of the reproduced picture. Thus,

B(z) = Z B, em( ik’ x) (5-46)

nw

R=p=Te
From (5-33) we know that the amplitude of cach component is

+nw/2 s
B = — BY'(2) exp (— 2mik'z x) dz (547
nw J _nuy2 nw
Once again mathematical simplification results from a change in
limits. Since the exponential in (5-46) is periodic in intervals of
nw, it reproduces itself identically at intervals of nw. Hence we
may rewrite the equation as

B, = 1 31 (z) exp (—- 2—‘”&) dz (5-48)
naw nw

Now in order to ohserve the effect of the apertures on the repro-
duced image we wish to compare B, to B, for each value of k. It
should be apparent that this may be effected by substituting for By'(x)
in terms of the original picture components. Hence, substituting
(5-45) into (5-48) we get

= f S'(E)P” E\(f) exp <— L-r;{:uv) dtdx (5—49)
Consider now the amplitude of a reproduced image component (k')
due to a single component (k) in the original picture. That is, we shall
substitute in (5-49) for the kth component of E({) from (5-40).
This yields

A U (Y S  (2mjkut
BI:’ = nw f_,,f_ :S (S)I W) (k)Ake.\p< —

— 2xjk’
exp <ﬁ) dtdx (5-50)
nw
This is the equation we wish to evaluate so that By" and A (or By, its
brightness equivalent) may be compared. The problem as far as
integration is concerned is that x, u, ¢, and ¢ are all interrelated.
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Sinee identical scans are assumed at both ends of the system, u, the
horizontal velocity, remains the same. Further, from Fig. 5-16 we
have that

x=£%4ul (5-51)
and dr = dt where { = cst (5-52)
Hence the second exponential may be reduced to terms of £ and ut.
If this substitution is performed and terms collected, there results

L

Lg— 1_ ) o V(I 5% 2ﬂ S 24
B, = p— f_ wf_ wS (EYPWY (k)A; exp |:mn k — k )uf:l
exp (— 2—7;;71,:—"5) dt d¢ (5-53)

Since each factor now contains only a single variable, ¢ or ¢ we may
write

WY (K ® 2.7
B, = PWY(k)As f S'(£) exp (— 2_7r]_]\_£>

nw nw

- omitk — k) i
I: cm(‘xp [—71(%——) utJ dtdg (5-54)

Consider the time integral. Since the integrand is periodic, one

complete image being scanned in the interval 17, the integral may

have only two values depending upon the value of #’.  (Remember

k has already been chosen.) If &’ = k, the integral is of the form
v,

f exp (at) dt
J0

I
=

(5-55)
or if k' =k, it is
v,

J:) exp (0)dt =V, (5-56)

It follows, therefore, that B, is different from zero for only that value
of k' which is equal to the k previously chosen, 7.e., thereis a1l to 1
correspondence between the original and reproduced field compo-
nents.  Thus we have for the k&th component

Bk’ — M)Af}'" f S'(f) eXp <— 2L7"§> df (5_57)

ne ne
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(5-57) may be simplified: Assume that the voltage-light proportion-

ality constant, P, is the same at both ends of the system. Then
B, = PA;

And further, by similarity to equation (5-38), the integral is seen to
be the reproducing aperture admittance

©

Y'(k) = f_ S'(E) exp <— 2—:%’?) dt (5-58)
B3 B/ = % WY (k)Y (k) B, (5-59)

We see, therefore, that each component in the original picture gives
rise to a single component in the reproduced image. Also the equa-
tion shows that the complex amplitude of that component is modified
by the channel response and the response of the two scanning aper-
tures. By’ is also proportional to 17, and hence to the speed of
scanning, a result which is an entirely logical one.

5-12. The Two-dimensional Case

We have previously learned that the one-dimensional series of the
type we have just considered fails to contain information for re-
assembling the picture in the y direction. To overcome this defi-
ciency, we must return to the bidimensional series and in so doing we
shall find that the results stated in the last paragraph must be
modified to a certain extent. Since the analysis of the bidimensional
series is analogous to that which we have just completed, we need
only write down the equations which correspond to the major steps
in the simpler case. Thus, expanding the original image brightness
in the double exponential series, we have

B(zx,y) = Z Z By exp |:21r] <f\f + %):l (5-60)

k=—ow |l=—w

As a further complication we must now admit a scanning aperture at
the pickup end which has width as well as length. Let n be its
ordinate measured from the aperture origin and its response be S(&,7).
This latter may be represented pictorially by a three-dimensional
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A
T e

Fig. 5-17. (a) Co-ordinates of the bidimensional aperture. (b) The
aperture response, S(£,7).

diagram as in Fig. 5-17. By analogy to our previous work the
admittance of this aperture will be

Y (k) = f f (e exp [%j(f}ﬁj’)] dedn  (5-61)

and the apparent brightness seen by the transducer will be

Bi(zy) = Z i: Y (k,1) By exp [%j <%’ +§ly)] (5-62)

k= —w |l=—w

And continuing the process we get as the analogue of equation (5-54)

. PWYWDAG (o AKE U
B = PHLUDAn ffs &) exv[—Zer (1—5+;”)]

f oxp {27rj [(k _w"')“ 4+ - l')”] 1} dididy  (5-63)

where the primes once again indicate receiving-end quantities.

Consider the time integral which we have previously shown to be
periodic with period V,. Now in the one-dimensional case this
integral was different from zero only for k¥’ = k. In the present case,
however, we see that the criterion is that

(k — k"u n =10
w h

=0 (5-64)

in which event the time integral becomes simply V,. Equation
(5-64) has implications not associated with (5-56), for it may be
satisfied by several, not just one, pair of indices (k',l') for a chosen
index pair (k..
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Let us consider this situation more carefully. If (5-64) is not
satisfied,
Bklll, = 0

or since = nf, and

=fp

gl
e

we may write that if
(kn + Dfp = (k'n + 1)fp (5-65)

the reproduced component amplitude By’ is zero. The left-hand
member of the inequality defines the frequency spectrum of the
signal delivered to the reproducing transducer. Hence this is not a
trivial result for it states that the amplitude of any frequency compo-
nent (k’,l') generated in reproduction is zero if that frequency is not
equal to some frequency generated in pickup. In other words, no
new frequencies are generated by the reproducing system even though
it incorporates a scanning aperture of finite size. On the other hand,
if

(k'n + U)fp = (kn + Dfy (5-66)
or if nk' +U =nk+1 (5-67)

the component amplitude is not zero. Ideally, (5-67) should be
satisfied by one and only one index pair (k',l') such that

K=k

v } (5-68)

for then a 1 to 1 correspondence would exist between original and
reproduced image components. Actually this ideal is not met as
might be surmised from our discussion of the confusion components.
The reproduced component specified by (5-68) we shall term the
normal component.  All other components whose k',l’ values satisfy
(5-67) we shall call the extraneous components. The amplitudes of
the normal and extraneous components are not identical and we shall
discuss them separately.

5-13. The Normal Component

When &’ and U’ satisfy (5-68) they define the normal component for
which eq. (5-63) becomes

Bkl, = Bk’l,l] k”=k =] PWY(k’l)AHVPY (kyl)

k= wh (5-69)
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admittance of reproducing aperture to the
normal component.

where

Y'(k,!

Then, from (5-58), we may reduce the complex amplitude of the
normal reproduced component to

B/ = Z—r}; WY (k1) Y (k1) Bs. (5-71)

We may now compare By’ to By, Equation (5-71) shows that the
original image is reproduced at the receiver by the normal compo-
nents, but this reproduced image will be distorted because each
amplitude has been modified by the channel response, W, and the
aperture admittances, Y'(k,l) and Y/(k,l). Since the channel response
has been assumed ideal, we may concentrate on the effects of the
apertures. We see from the equation, then, that the apertures do
introduce distortion which may be termed “simple loss of detail.”
This notation follows from the fact that typical apertures discriminate
against the short wave length brightness components in the picture.
To illustrate this Fig. 5-18 shows the square of the admittance of a
circular aperture of uniform response plotted against wave lengtht
normalized with respect to the aperture diameter. It should be
apparent that identical pickup and reproducing apertures would

s(Em)=s'(é€n)

1
'/
| 2 3 4 5
K/zr
(@) (b)

Fig. 5-18. The circular aperture of constant response exhibits a
cutoffl characteristic. (a) Aperture response. (b) Aperture ad-
mittance squared. (After Mertz and Gray.)

* Wave length is used here in the sense of the normal distance between two
adjacent maxima in a Fourier component, that is, as defined in eq. (5-15).
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have the same admittance. llence, the figure gives the product
Y(EDY'(KD) of eq. (5-71) for such an identical aperture system.

It will be observed that the very short wave length components for
which A € 2r are virtually eliminated, which means loss of fine-grain
detail in the reproduced image. This is a situation quite similar to
that in the more familiar half-tone printing process where no detail
smaller than a reproducing spot can be seen.

For those wave lengths for which A > 2r the loss of amplitude may
be corrected for, provided that the admittance funetion is known for
the apertures in use in any given picture transmission system. Since
the aperture admittance terms appear in (5-71) in the same manner
as the channel response, they may be equalized by a suitable electri-
cal network. It is unfortunate that the use of such equalizers has to
a large extent been neglected in television practice.

Equation (5-71) shows that both the one- and two-dimensional
series give a reproduced brightness component amplitude proportional
to V,, the frame interval. This is an obvious result, for the longer
the transducer light is seen in the reproduced image, the greater will
be its apparent brightness.

5-14. Extraneous Components

We have previously predicted that values of &” and I’ other than
those defined by eq. (5-68) will also satisfy (5-64) or (5-67). Typical
of such integer pairs are the following:
For k=2 and l=3

EF=1LUI=34+n or F=31=3-n

These results simply confirm our previous discussion of the existence
of the confusion components.

For our immediate purpose these confusion components resulting

from a given set of values (k) may be defined in terms of a new
variable u such that

E—k=np
Then these confusion components are given by
l/
and K

I — un

}E.rtrancuus components (H-72)
E+wu
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and from eq. (5-69) each of these components will have a complex
amplitude

7
Byt = l—;: WY (k1) Y’ (k,) Ba (5-73)

where

YR L) = ff_ S exp [—%j (% + %”)] didn (5-74)

But since in general YkD = YR,
we find that By’ = By

i.e., the extraneous and normal components differ in complex ampli-
tude.

Thus the single pickup eomponent (k,l) of amplitude By; gives rise
to a number of reproduced components (k’,l") where ¥’ = k+p and
I'! = l—un. Therefore, not only is the original picture reproduced
in the normal component, g = 0, but also in a number of additional
spurious images of different amplitude and phase. These latter
images represent a form of noise in the picture and produce a loss of
detail resulting from masking.

The situation in regard to the extraneous or confusion components
may be stated in another manner. In the early part of the chapter
we saw that two [fourier components in the original picture ean give
rise to the same frequency in the electrical signal.  When the repro-
ducing apparatus receives this signal it has no way of determining to
which TFourier component it belongs; hence it reproduces both of
them. This condition is illustrated for a progressive 9-line scanning
system in Fig. 5-19. At « two components (0,47) and (4+1,—2) are
shown, both of which give rise to the same frequency in the electrical
signal. If, then, only the (0,4-7) component be transmitted, the
reproducing system, being unable to determine this fact, will repro-
duce both components with the result shown at b. A somewhat
similar condition exists for interlaced scanning.®

Another example of the effect of the extraneous components is
shown in Fig. 5-20. The spurious pattern shown is the result of
finite aperture effects only and should not be confused with ghost
images which are caused by reception over multiple paths of different

5 See P. Mertz, op. cit., Figs. 8 and 12,
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(@ (®)
Fig. 5-20. Distortion in a reproduced image eaused by a finite
aperture. (a) The original subject. (h) The reproduced image.
(Courtesy of Bell System Technical Journal.)

lengths. TFortunately, most of the masking components ure usually
of negligible amplitude.

Now it may be shown from a consideration of the cutoff charac-
teristic of the aperture that the principal masking components, t.e.,
those which produce the most objectionable effect in the final image,
are those for which | x| = 1. This may also be seen on the basis that
as I’ approaches n, the ficld components become more horizontal and
can be identified with the line structure itself. A good example of
this effect is given when a flat white fieid is transmitted, i.e., k = 0
and I = 0. Then the corresponding “most objectionable” compo-
nents for which | x| = 1 are

M=1 U= =xn

These components cause the final picture to be broken up into n lines,
i.e., the line structure is present. Since every scene has a d-c compo-
nent corresponding to the average scene brightuess, these lines will
always be present to some degree, at least in the final image.

In connection with these “most objectionable” components, it is
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interesting to note that it is theoretically possible to reduce their
amplitudes to zero by proper design of the system apertures because,
from (5-73), if
Y1)y =0
then
qul’ =0

Hence the aperture should be so designed that
Y'(1,£n) =0

This condition may be met by the use of a rectangular aperture of
uniform response and of width equal to that of the spacing between
adjacent scanning lines. Such an aperture may be at least approxi-
mated in a facsimile system where the size and shape of the aperture
may be controlled by a physical mask. The very nature of the elec-
tron distribution in an electron beam, however, immediately pre-
cludes utilizing this principle and special techniques are required.

5-15. Scanning with Electron Beams

That this last condition cannot be attained easily with a scanning
device which uses an electron beam may be seen from a consideration
of the corresponding aperture response, S(¢,7). It has been experi-
mentally determined that the elec-
tron density, p, in a beam of acceler-
erated electrons has circular sym-
metry and decays toward the edges
of the beam exponentially with the
square of the distance from the beam
center, 7.e., the distribution of p is
Maxwellian.%” Then since S(&n)
= Kp(£n), we see that some form of
compromise must be made if we are
to approximate the conditions for a R TR
flat field. Since the })mhahility dis- ele('t%;)n donsity in the e
tribution shown in Fig. 5-21 implies  beam is Maxwellian.

8 V. K. Zworvkin and G. A. Morton, Telemsion. New York: John Wiley and
Sons, Inc., 1940.

7V, K. Zworykin, “Description of an Experimental Television Systemn and
the Kinescope.” Proc. IRE, 21, 12 (December 1933).
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an infinite cross-sectional radius, we shall first try to determine an
alternate approximate distribution function for the brightness of a
line which has been scanned by the beam, that will fit the physical
limitation of a finite, in fact, small beam radius.

Since the beam is circular in cross section and has a nonuniform
distribution of p, the electron density, the brightness of the scanned
line normal to the direction of scan will vary. The distribution of p
along y, o(y), will now be investigated.

-R X R

Fig. 5-22. Co-ordinate system for investigating the variation of
brightness across a scanned line.

Let Zp(y) be the sum of the electron densities on a spot P as the
beam passes once over P. It will be observed that this is the same
as the sum of the p’s along the line y = cst, which is shown, Then
assuming the exponential distribution stated above, we have

p = Ce=Dr* (5-75)

R
and Zo(y) = f}é)dx

—but the figure is symmetrical about the y axis and is of infinite
radius. Therefore

Zo(y) = 2fCe‘D(”+”’)dx
0

2Ce‘D”’f e Drdy

0
C \/% e =D (5-76)
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Thus the distribution of light intensity—which is proportional to
To(y)—across the scanned line is

I(y) = KC \/IE) e—Dv? (5-77)

with the maximum value
) = K /I (5-78)

occurring along the center where y = 0.

The nature of the exponential function is such that for z <
I(y) < 0.11(y) and the exponential distribution of infinite width may
for a good engincering approximation be replaced by a cos? function.
The extent to which this is so may be seen from Fig. 5-23.

Thus if the line structure resulting

from the “most objectionable” extra- N i e X2

neous components is to be eliminated —— cos?e

to give a “flat” field, the spot radius N T —:—_

must be increased so that adjacent | | \y il

lines overlap. If this be done, the ] \Y '

analysis by Mertz and Girey no longer \\\

obtains for it assumes no such overlap \1\\

and other means of analysis must he { ‘;.\

used.® ' | i o

It must be noted, however, that at- | L

tempts to obtain a flat field by widen- ° 2 e:: y :: g0 100

R

ing the spot must result in a loss of res-
olution. The one mayv be had but only Fig. 5-23. Comparison of the
. s N exponential and cosine-squared

at the expense of the other. That this  f,ctions.
is so may be seen from the following
considerations: Overlap results in contamination of each line by in-
formation from the two adjacent lines; this decreases vertieal resolu-
tion. Overlap also means larger spot radius, and since no detail
smaller than the spot can be reproduced, horizontal resolution is
lowered.

Clearly then, a compromise on spot size must be made in which
flatness of field is balanced against resolution. This is a subjective
matter and generally the consensus is that visible line structure and

8 See Chapter 10.
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high resolution are more desirable than a flat field with its attendant
image fuzziness. The compromise at the receiving end of the system
is placed in the hands of the set owner in the focus control. Current
practice in commercial television studios is to focus for best detail,
that is, for minimum spot size.



CHAPTER 6
CAMERA TUBES

It has been convenient for the larger part of our discussion in the
past. chapters to think of the pickup end of the picture transmission
system in terms of facsimile equipment. By so doing we confined
the discussion to relatively familiar devices, such as the phototube
as a transducer, a mechanical defining aperture, and a revolving
screw mechanism to provide the motion along the prescribed scanning
pattern. These elements were illustrated in Iigs. 1-7 and 1-8. We
have also learned, however, that modern television practice relies on
all-electronic devices, the camera tubes, in which are combined the
three basie functions of the pickup assembly, to wit: sampling,
scanning, and the conversion of light to some form of corresponding
electrical signal. In the present chapter we discuss the principal
types of these camera or image-generating tubes.

6-1. Static-image Generators

Although in the strictest sense of the word the static-image gener-
ator is not a camera tube capable of converting light to electrical
energy, it does deliver to the communication channel a picture signal
identical in all ways to that from the camera tubes of the usual sense.
Its sole difference is that it can generate signals corresponding to one
and only one picture which is chosen during the tube manufacturing
process. While such an image-signal generator is lacking in flexi-
bility, it does provide a readily reproducible picture, an important
advantage for test purposes. One such type of tube, the monoscope,
is used largely by commercial television facilities to transmit “test
pattern,” an image which combines station identification and certain
geometrical patterns which aid in the proper adjustment of television
receivers. Typical test patterns are shown in IFigs. 10-9 and 10-10.

The reader is referred to section 3-2 for a description of an early,
developmental form of static-image generator used as part of the
previously described Purdue Project. The modern commercial form

185
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of this type of tube is embodied in the monoscope,! shown in Fig. 6-1.
The electrodes K, G, A1, and A, make up the electron gun which is
similar to that of the conventional cathode-ray tube. Particular
care is taken in manufacture to build a gun structure capable of
providing an electron beam of extremely small diameter. This beam
is made to sean across the signal plate by the application of saw-tooth
currents to the magnetic deflection yoke.

DEFLECTION AQUADAG
YOKE

! CO'LLECTOR
v
K G A A l% I‘é‘

70 TO
]—— -~ PREAMPLIFIER

~SIGNAL PLATE

+
-

=1200V —

Fig. 6-1.  The monoscope.  Only a single image which is printed
on the signal plate may be televised with this tube.

The signal plate, or pattern clectrode, is an aluminum sheet, some
2% in. by 3% in. in size. EFarly in the manufacturing process the
desired image, such as that of Fig. 10-9, is printed onto the aluminum
in printer’s ink. This plate and printed pattern are heated to reduce
the ink to carbon. The result is a carbon image on an aluminum
background.

The operation of the monoscope is based on the difference in
secondary emission ratios for carbon and aluminum which arve, for
the voltages shown, 3 to 1 and 7 to 1, respectively. Inspection of
the circuit diagram shows that the beam electrons hit the pattern
electrode with a velocity of 1200 clectron volts. These high-speed
primary eleetrons produce secondary emission from the pattern elee-
trode, the number of secondary clectrons produced at any instant
being proportional to the secondary emission ratio of that portion of
the pattern under the scanning beam at that instant. These second-
aries flow to the collector and constitute a current through the output
resistance, R,. Thus the output voltage developed across R, follows

1 C. IS Burnett, “The Monoscope.,” RCA Reciew, 11, 4, 414 (April 1938).
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the picture information on the signal plate as the latter is scanned
by the electron beam.

Notice that a “black-negative” signal is generated. This follows
from the fact that the carbon, or black, portions of the image pro-
duce a smaller output current than do the white, or aluminum,
regions; thus a white-to-black transition in the scanned picture pro-
duces a negative-going voltage output.

If any portion of the pattern is in half-tone, care is taken to use a
half-tone screen, giving smaller dots than the beam diameter. Under
this condition the resolution of the monoscope is limited by the beam
diameter rather than by the processing of the pattern plate in manu-
facture.

6-2. Some Elements of Photometry

Underlying the operation of the several types of camera tubes which
we shall discuss is the principle of photoemission. Since in photo-
emission the encrgy required to remove free photoelectrons from the
emitting surface i1s furnished by the incident light itself, we shall
review some of the terms used to measure the energy contained in a
given beam of light. By definition, light is radiant energy in the form
of electromagnetic waves of such a wave length that they are visible
to the human eye. Light sources, which of themselves generate
light, e.g., incandescent lamps, neon signs, the sun, or the fluorescent
screen of a cathode-ray tube, are said to be self-luminous. One of
the principal problems in the field of photometry, the science of
measuring light intensity, has been to devise a system of units which
relates the response of an observer to a standard unit svstem that is
based on mass, length, time, and charge. Such a relationship is
desirable because light is inevitably related to the human eye, which
of course introduces a degree of arbitrariness into the photometric
units. In the past the problem was handled by arbitrarily defining
the candle, the unit of luminous intensity, as a fixed percentage of
the luminous intensity of a bank of standard lamps, operating under
specified conditions, maintained by the National Bureau of Standards.

In 1924 the International Commission on Illumination adopted a
standardized luminosity curve, which has allowed a complete relation-
ship to be established between the units of photometry and the
M.K.8. system of units. Shown in Fig. 6-2, this luminosity curve of
ordinates 7(\) is an arbitrarily standardized response curve of the



188 CLOSED TELEVISION SYSTEMS [§6-2

10 650
4 | g
0.9 / \ = i 585 g
% 08 i \ f ! 5zo§
07 : + \ | 455‘%‘
2 | | \ I =
3 0.6 l‘ ! l 390 =
05 = 325 %
% | | | | |1 2
509 T T \ I — |260%
%03 : i bt T\ —+ 195 -
=02 1 i S | \ } l30§
ol A | \\ {65 &
ool | LEAT [ [ [ []] NL L | Joo ®

]

o
380 420 460 500 540 580 620 660 700 740
WAVELENGTH IN MILLIMICRONS

Fig. 6-2. The standard luminosity eurve, which is used to relate
photometric units to the M.K.8. system. It shows the frequeney
response of a standardized human observer.  (Courtesy of Elec-
tronies.)

human eye. Itsusc in relating radiant uantities to their photometric
equivalents is illustrated by the following equation:?

Az

F = (i:')()f P)F(\) dx (6-1)

where P is the radiant flux in watts (a M.K.S. unit) and F is the
luminous flux in lumens (a photometric unit). A and . denote the
end points of the spectrum in which the radiant energy lies and are
expressed in millimicrons. Once this basic relationship between
the two systems of units has been established, all other photometric
units may be derived from the lumen. In the work which follows
we shall adopt the notation recommended by the Committee on
Colorimetry of the Optical Society of America.

Thus far, then, we have defined the luminous flux, F, in lumens
of a light source. A second property of such a source s its luminous
intensity, I, which is given by

Al lumens
I= Aw [stera(lian B (an(llc] 6-2)

2]). W. Epstein, “Photometry in Television Engineering.” Electronics, 21,
7 (July 1048). See also, P. Moon, The Scientific Basis of Hluminating Engineer-
ing. New York: MeGraw-11ill Book Company, Inc., 1936.
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For a point source of light or a uniform spherical source, I is inde-
pendent of the direction in which Aw is taken. If, on the other hand,
the source is extended, the flux intercepted in the solid angle Aw will
depend upon the direction &. We may illustrate this with Fig. 6-3a,

(a) . fow a=0

Fig. 6-3. (a) The luminous intensity, I, of an extended light
source is a function of the angle a. (b) The illuminance, E, of a
surface not normal to the direction from the light source depends
on 6.

where the source has an area Ao. Then, in general, two areas, AA,
and AA,, which subtend equal solid angles, Aw, will not intercept equal
values of luminous flux. Thus we must write

AF
I, = ( Aw)a (6-3)
Frequently the directional characteristic of such an extended source
follows a cosine variation
I, =Iycos e
. . } (6-4)
where I, = luminous intensity along the normal to Ao

which is a mathematical statement of Lambert’s law.

If, now, a surface of area AA normal to the direction from the source
intercepts AF lumens of flux from the light source, that surface has an
illuminance® E

. _AF [ lumens
© T AA square meter

3 Some texts replace the term illuminance by illumination.

= meter candle—l (6-5)
J
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Another frequently used unit of illuminance is the lumen per square
foot or foot-candle which is equal to 10.76 lumens per square meter.
Thus in Fig. 6-3¢ the normal surface A4, has an illuminance

N
) AL T ad, Aw
but from solid geometry
Ad,
A=y
R (1
whence E =-— for a=0 (6-6)
])1'

This is the well-known inverse square law of photometry, which is
applicable to extended light sources, provided that D) is 5 or more
times greater than the largest dimension (the diagonal for a rectangle)
of the source.

In a similar manner we caleulate the iHuminance of the normal
area AA, at the angle a to be

I/ Iy cos e
E=+%=—""7— for a # () 6-7
‘ 1)2“ [)Q'! ( )
Frequently we must calculace the illuminance of surfaces such
as .1, and A, of Fig. 6-3b, which are inclined at an angle 6 with respeet
to the direction from the source. In such a case we have for .1,

v ._\I" o /ko
E = 1, - I,
A.‘l] _ 111 cos 6
But here Ao =50 =T (6-8)
whence k= I_o(())_\ﬂ a =10 60 ]
D?
Similarly, the illuminance of the surface A is (6 9)

|
Iy cos 0 cos a

I = a#( =0

D J
Another property of a light source is its luminance,* B. Thus,
for example, the luminance of the surface Ay in any direction a is
defined as the ratio of intensity in that direction to the projected
area of A, in that direction, or

4 Luminanee is frequently termed brightness,
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Ia candle X
Pa = Ao cos a I:Squaro motor:l (6-10)

In the special case where the intensity from A, obeys Lambert’s law,
B is independent, of « for

ILycosa Iy

B. = Aocosa  Ag

(6-11)
In this case the human eve would observe the surface Ao as being
cqually bright from all direetions.

A fourth property of a light source is its luminous emittanee, L,
which is defined as the ratio of total luminous flux from the surface
to its area, or

Fo ~lumens
D= Ao l:square metox‘:l Gal2)

Again if the intensity from .4, obeys Lambert’s law the luminous
emittance may be related to the luminance, for

L = S1.do (6-13)
Ao
But I, = I,cosa and dw = %‘;—1
and on a hemisphere, the element of area is
AA = D?sin ada do
whence
L—J f -I—OQOSQDSI?G({G(M f f cos a sin a da d¢
OD 40 0 Jo
sin? o« [/*
= B2n» cos asin ada = 2788 ) =B j (6-14)
0 0

Equation (6-14) serves as the basis for another unit of luminance, B,
the meter-lambert which is equal to 1/7 candles per square meter.
This is the luminanee of a perfectly diffusing surface which transmits
or reflects one lumen per square meter. This meter-lambert unit is
of particular use when one is dealing with perfectly diffusing reflecting
surfaces. If these latter absorb no light, then the number of lumens
intercepted and reflected remains constant and their luminance, B,
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in meter-lamberts is equal to their illuminance, E, in lumens per
square meter, that is

lumens

B [meter-lamberts] = E l:—
square meter

] (6-15)
If, on the other hand, these perfectly diffusing surfaces absorb a cer-
tain portion of the incident flux, the reflected flux is R, the reflection
coefficient, times the incident flux and (6-15) becomes

B [meter-lamberts] = RE [ lumens__:l (6-16)

square meter

Two other common units of luminance are the millilambert and the
candle per square foot. These are related to the meter candle as
indicated below.

candle

1 meter-lambert = 0.1 millilambert = 0.02057 —————
square foot

(6-17)

The several quantities which have been defined are collected it
Table 6-1.

TABLE 6-1
Luminous flux F lumens
Luminous emittance L lumen/m?
Luminous intensity I lumen/w = candle
Luminance B lumen/wm? = candle/m?
Tluminance E lumen/m? = = meter-lambert

In a typical television camera the light reflected from an illumis
nated object is focused by a lens system onto the photoemissive
surface of the camera tube proper. Since, as we shall see, the current
resulting from this light is proportional to the illuminance of the
photoemissive surface, we need a relationship between the lumi-
nance of the televised object and the photocathode illuminance.
Such a relationship will necessarily involve certain factors associated
with the lens system. A number of forms of this relationship have
been derived and the one recommended by De Vore and Iams® is

xBT

) = —— 4 =
E 4 cos* @ (6-18)

5 11. B. De Vore, and II. Iams, “Some Factors Affecting the Choice of Lenses
for Television Cameras,” Proc. IRE, 28, 8 (August 1940).
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where
E = photocathode illuminance in lumens/ft?
B = televised object luminance in candles/ft?
6 = angle between the light ray striking the area under considera-
tion and the system axis.
f = numerical aperture of the lens
_ lens focal length
~ lens diameter
T = transmission coefficient of the lens.

T is primarily a measure of the light losses which oecur at the air-
glass surfaces in the lens. Typical values for lens types used in
television range from 0.4 to 0.7. We shall assume an average value
of 0.64.

It may be realized that the application of (6-18) to any given tele-
vised image would be unnecessarily cumbersome because the surface
luminance, B, varies from point to point on the image. TFurthermore,
because of the cos? 6 factor, the illuminance is less at the edges than
at the center of the picture. Since the main region of interest is
generally centered in the field of view, to simplify calculations we
shall assume that the focused image is everywhere of illuminance
corresponding to that at the center. Subject to this simplifying
assumption, the cos' # becomes unity and for the assumed value of
the transmission coefficient the equation becomes

B lumens
b= 2 I:Square foot:l (6-19)

The corresponding incident flux may be found by multiplying by the
area of the photoemissive surface.

6-3. Photoemission

Whereas it is beyond the scope of the present work to include a
lengthy description of photoemission, a few of its salient features will
be set down for purposes of review. Four empirical laws relating to
photoemission may be stated:

When a photoemissive surface is illuminated by light of frequency »,
it is observed that

6 See, for example, J. D. Ryder, Electronic Engineering Principles. New York:
Prentice-I1all, Inc., 1947,
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(1) The maximum veloeity of the emitted electrons is proportional
to ».

(2) The maximum velocity of the emitted electrons is independent
of the illuminance.

(3) The number of electrons emitted per unit time is proportional
to the illuminance.

(4) The time lag between emission and illumination is at least less
than 10— sec.

As an explanation of the observed photoemission phenomena
Einstein has proposed the photoelectric equation

hy = w 4+ m? (6-20)

where
h = Planck’s constant,
w = work funetion of the photoemissive surface,
m = electron mass,
v = velocity of the emitted electrons.

The quantity h» is the energy associated with a single quantum of the
incident light.

The first rule follows directly from Einstein’s equation. It also
follows that if hv is less than the work function of the material then
no emission will take place. As a result we may define a threshold
frequency for a given substance of work function w as

w

W=y (6-21)

Incident light of frequency less than v, cannot release photoelectrons.

The second law also follows indirectly from (6-20), for the number
of quanta which determines the number of emitted electrons is a
measure of the energy supplied by the incident light. Hence, the
number of electrons emitted per unit time is proportional to the inter-
cepted power or the illuminance. It should also be true that for
constant illuminance the number of electrons emitted per unit time
would vary linearly with », which determines the energy per quantum.
Actually photoemissive surfaces do not exhibit this property. In-
stead we find that typical surfaces have a color response which may
take the form shown in Fig. 6-4. In television work we desire the
camera tube to respond to visible light; hence, we must choose an
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Fig. 6-4. Color response of a typical photoemissive surface.
(Courtesy of Radio Corporation of America.)

emissive surface whose threshold frequency is below that of waves
lying in the visible spectrum. Cesium has a low work function which
is slightly under 2 ev.” As a result the emitting surface in the camera
tube will generally be composed of cesium in combination with one
or more other substances. A common combination is cesiated silver.

7Tt is common practice to express energy or clectron veloeity in terms of elec-
tron volts. The basic relationship between the quantities derives from the law

of conservation of energy. If an electron of charge e coulombs falls through a
potential difference of V volts, it has a kinetic energy in joules given by

K.E = im? =1Ve = 16 X 10721

m being in kilograms and v in meters per second. Thus an energy of V electron
volts is that kinetic energy gaincd by an electron falling through V volts; one
electron volt is equivalent to 16 X 1072 joule or 16 X 10713 erg.

Similarly V electron volts corresponds to an electron velocity in meters per

second:
2V
v = Txe = 5.95 X 10VV meters per second
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The mechanism behind this spectral response of the photoemissive
surface is not understood but experience over a period of years has led
to reliable working rules which provide responses satisfactory for
television work. Zworykin and Morton® have described the pro-
cedure for preparing the photosensitive surfaces of the iconoscope
camera tube, in which a silver layer is activated with cesium. Ex-
treme care is required during the activation schedule in order to
produce a surface which at the same time has good emission and
proper color response.

The importance of the color response of the camera tube cannot be
overemphasized, for whatever is visible to the pickup system is dis-
played as light at the receiving-end cathode-ray tube. In particular,
response in the infrared region causes difficulty because the camera
tube sees, and the kinescope reproduces, information which the
human eye would not identify in the original image. Also colors are
not converted to proper tones on the gray scale. To illustrate this
difficulty let us consider that a person’s face is being televised by a
camera with high infrared response. Upon translating the various
color values to corresponding levels on the gray scale—for the tele-
vision system, like black and white photography, is inherently color
blind—we should expect the lips to appear almost black in the repro-
duced image. Actually an entirely different result is reproduced
because the camera, being peaked to the reds, produces a high-level
lip signal that reproduces as a white or light gray. Lips and face
will appear in approximately the same tone in the final image, a result
with a “washed-out’’ appearance. To correct for this the actor can
use a deep red-brown lip covering which, though unsightly to the
studio audience, produces the proper effect in the televised image.
The use of color-compensating make-up and scenery paint is covered
in the literature.®°

Heavy red response may also be corrected by the use of lighting
which is rich in the blues and low in the red end of the spectrum.
This particular approach to the problem of color response has been
used in the studios at WRGB in Schenectady. Figure 6-5 shows the
gray-scale equivalents of some of the principal colors used in studio

8V. K. Zworykin and G. A. Morton, Telerision. New York: John Wiley and
Sons, Inec., 1940.

*W. C. Eddy, Teleriston, the Eyes of Tomorrow. New York: Prentice-11all

Inc., 1945,
10 J, Dupuy, Television Show Business, General Electric Co., 1945.
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Fig. 6-5. Gray-scale cquivalents of several colors as reproduced by an iconoscope working under mer-
cury-vapor lights. The six blocks from left to right represent deep blue, light yellow, orange, violet, deep
green, and bright red. A complete gray scale is shown at the bottom for comparison. Reproduced
from Judy Dupuy, Television Show Business, General Electric Company, 1945.
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setting design, with the studio lighting furnished by mercury-vapor
water-cooled lamps. Since a large percentage of television pickup
occurs at sites remote from the controlled light conditions of the
studio, tube manufacturers continue to work on the improvement
of the color response of camera tubes. [t might appear that color
filters in front on the camera tube could be used to correet the camera
response.  This expedient 1s not in general use because the low trans-
mission coefficient of the filters lowers the photocathode illuminance.

Returning to the phototube we must realize that ecircuit com-
ponents that will provide a closed clectrical path must be provided if
electrons emitted by virtue of the photoelectrie effect are to constitute

a useful output current. A basic circuit is given in Ifig. 6-6, where
PHOTOSENSITIVE LIGHT
CATHODE -

—\_/\‘/ANODE

Fig. 6-6. The basic phototube eireuit.

the photocathode and anode are placed in an evacuated envelope.
If Ep is sufficiently large so that voltage saturation obtains, the
phototube current becomes directly proportional to the incident flux,
F, and we have the relationship

1=« = sdE (6~22)

where s is the luminous sensitivity of the photocathode and A the
projected area of the photocathode. Under the condition of voltage
saturation, the phototube has an internal resistance of several meg-
ohms; hence, it behaves as a constant eurrent source and the output
voltage delivered to the preamplifier grid is

e = iR, = sALKR, (6-23)

We shall find that modern camera tubes differ considerably in form
from the simple phototube just discussed, but the general mode of
operation is similar and the output voltage has the form of (6-23).
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6-4. Noise Considerations

Equation (6-22) shows that the average phototube current is
proportional to the illuminance of the cathode, E. This question
immediately arises: s there any minimum value of illuminance below
which the resultant phototube current would not be useful to produce
an clectrical signal?  The answer lies in the value of the noise gener-
ated in the coupling network hetween the phototube and the pre-
amplifier, and in the phototube and preamplifier tubes themselves.
Since the maximum value of signal-to-noise ratio, S/N, in the entire
system is set at this point, we must investigate it with considerable
care. Since any noise generated hefore and in the preamplifier proper
is amplified along with the signal, certainly S/N can never be im-
proved over the value determined in the first coupling network.
Whether or not the following stages in the amplifier chain deteriorate
this initial value depends upon the available power gain of the first
amplifier stage, a subject discussed in Chapter 14.  Generally, if the
voltage gain of the first stage is 3 or 4, the noise contribution of the
succeeding stages may be neglected.!!

The situation here is typical of that encountered in the amplifi-
cation of low-level signals. Unless the signal-to-neise ratio is suffi-
ciently great, the signal is lost in the noise. In television systems
this noise appears as tiny specks of “snow’’ over the entire reproduced
image. Typical allowable values range from a peak picture signal
to r.m.s. noise ratio of 10 to 1 for an acceptable picture; to 30 to 1,
which results in an excellent picture. A 3 to 1 ratio is considered to
be entirely unsatisfactory.”> We see then that we need know not
only a cwrrent-illuminance relationship but also one relating gener-
ated noise to the several noise-contributing circuit components. The
chief causes of noisc are shot, partition, and flicker effects in tubes as
well as thermal agitation effects in resistors. We next consider these
effects.

First consider the shot effect which is present in the phototube and,
to a lesser degree, in the preamplifier.  This phenomenon results from
the random nature of thermionic or photoelectric emission. When
any given electron in the emitting material receives energy from a

1MV, K. Zworykin and G. A. Morton, op. cit., p. 432,

2 V. K. Zworykin, G. A. Morton, and L. E. Flory, “Theory and Performance
of the Iconoscope.” Proc. IRE, 26, 8 (August 1937).
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photon or from thermal agitation in sufficient amount to overcome
the work function of the material, it will not necessarily have a
velocity component in the direction required for escape. Since the
electron velocity distribution is random, the number of electrons
emitted in unit time undergoes statistical variations. Thus the
phototube current predicted by eq. (6-22) is an average value. The
instantaneous value of current varies about this value in a purely
random fashion. The total current, then, may be considered to con-
sist of an average value, given by (6-22), upon which is superimposed
the random component or noise. The variations in this noise com-
ponent are completely irregular, so the noise is “white” in the sense
that its energy is distributed uniformly throughout the frequency
spectrum.  Schottky™ has shown that the mean squared value of this
shot noise current within the frequency band Af is given by

72 = 2eiAf  amperes squared (6-24)
where

¢ = electronic charge, in coulombs,
i = average emission current, in amperes, and
Af = noise bandwidth of the system, in cveles per second.

The quantity Af is defined more precisely in Chapter 14, but at this
point may be assumed to be equal to the steady-state half-power
bandwidth of the amplifying system.

Equation (6-24) holds for tubes in which the current is emission-
limited and hence applies to the phototube proper.  For voltage- or
space-charge-limited operation as in the preamplifier tube eq. (6-24)
gives too large a value of mean squared noise current. A probable
reason for this is that with the condition of space-charge limitation
the dense cloud of electrons between the cathode and plate acts as a
cushioning reservoir which irons out the random variations in the
number of emitted electrons. Stated differently, the space charge
serves as a virtual cathode whose emission is subject to less random-
ness than the actual cathode. Equation (6-24) must consequently
be modified by some factor of magnitude less than unity when it is
applied to the preamplifier tube. We shall presently see an alterna-
tive method of handling the effect of preamplifier shot noise.

Were the current output of the phototube utilized directly, we

13 W, Schottky, Ann. Phys., 67, 541 (1918); 68, 157 (1922).
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could immediately calculate the ratio of signal-to-noise components
from the last two equations. Unfortunately, however, the output
resistance R, in Fig. 6-6 also contributes noise to the camera-tube
output. This resistance, or Johnson, noise' is a result of the thermal
agitation of the electrons in any conductor. Because of the kinetic
nature of matter, the electrons in the conductor are in a state of
random motion, the motion being related to the average temperature
of the conductor. Again, if an average current 7 flows through the
conductor, the randomness of the electron motion causes an excess of
negative charge at one end of the conductor at a certain instant. At
some later instant the eleetrons will be bunched so that the excess of
negative charge is at the opposite end of the conductor. Thus over
an interval of time a noise voltage is developed across the ends of the
conductor. Johnson and Nyquist have shown that the mean squared
value of this noise voltage is related to the conductor resistance, E,
and the conductor temperature, 7', in the following manner:

f2
e = 4kT f R df volts squared (6-25)
N
where
Lk = Boltzmann’s constant = 1.374 X 10~ joule per degree
Kelvin
T = absolute temperature of the conductor, degrees Kelvin

J» — fi = Af = noise bandwidth, cps,
Under the special condition that R remains constant within the
bandwidth Af, (6-25) reduces to

oF = 4kTRAf (6-26)

In connection with this Johnson, or thermal agitation, noise it is
important to notice that if the resistance is shunted by a capacitance,
the simplified equation (6-26) may not obtain if Af extends over a
range of several megacycles as it generally does in television systems.
The reason for this, of course, is that the high-frequency components
of the white noise voltage appearing across the resistor tend to be
shunted out by the capacitance. As an example of this, consider the
network of Tig. 6-6 and assume a temperature of 300°K, a half-power
bandwidth from 0 to 4 megacycles, and a resistance of 100,000 ohms.
Application of (6-26) yields an r.m.s. noise voltage of 81.4 uv.

14 J, B. Jonhason, Phys. Rev., 32, 97 (July 1928).
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If now we take into account the total capacitance in shunt across
R,, we have for the equivalent series impedance of R, and C

_ R,
14 JwR.C

The resistive or real component of this series impedance which con-
tributes noise is

7z (6-27)

R,
1 4+ (wR,C)?

To find the mean squared noise voltage we substitute (6-28) into
(6-25) and there results

R = Re(Z) = (6-28)

f2

- % arc tan (wlx’.,C):lj (6-29)

Evaluating this for a shunt capacitance of 20 micromicrofarads and
the same values given above, we get

ei = Ve = 13.75 pv

We must realize, however, that whereas shunt capacitance reduces
the noise, it also attenuates the high-frequency signal components;
Afis nolonger 4 me. If the bandwidth is restored by compensation
in the amplifier chain, both signal and noise increase. The student
may verify that as Af or R, increases, the r.m.s. noise voltage becomes
less dependent on the value of R.,.

The third source of noise in the c¢ircuit of Fig. 6-6 is the preamplifier
tube. We have already seen that it contributes shot noise to the
circuit, of magnitude given by eq. (6-24), modified by some factor
less than unity which compensates for the cushioning effect of the
space charge present in the tube. For purposes of calculation, how-
ever, it is convenient to replace the actual noisy tube by a noiseless
tube whose grid circuit incorporates a resistance ;. R, has a value
such that its Johnson noise causes the same mean square noise current

2]

€j

i = 2eiAfP in the noiscless tube plate circuit as is present in the

actual tube. The value of 2, may be derived in the following manner:

In a vacuum tube, the plate current is the product of the tube grid-

plate transconductance and the grid voltage. The noise current .2

zould be produced in a noiseless tube by a grid voltage
— 132

el = (6-30)

Om*
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which is the mean squared voltage that, when applied to the grid of a
noiseless tube, produces a mean squared noise current ¢, in the plate
circuit. But the Johnson noise of a constant resistance is given hy
(6-26). Then the value of 2, the equivalent noise resistance, may
be obtained by equating (6-26) and (6-30). There results
2P
B 4I\‘T-(I'"2
where P = a factor less than unity. Difficulty arises in evaluating
P for a given tube. North'® has evaluated (6-31) for triodes and
gives the approximate equation
2.5 -
R, = =2 ohms riobEs (6-32)

Ym

R, (6-31)

where ¢, is in mhos. The advantage of using the equivalent tube
noise resistance, It,, is that it expresses tube noise in the same form as
thermal agitation noise, a form which is independent of the pre-
amplifier gain and bandwidth. Equation (6-32) points out the
desirability of having a high-transconductance preamplifier tube as
far as low noise is concerned.

A second noise source in the preamplifier tube is the flicker effect,
which is chiefly associated with oxide-coated cathodes.  In such tubes
the active area of emission moves about the cathode surface, intro-
ducing a further component of randomness in the plate current.
Apparently the movement of the active emission area takes place
slowly beeause the effeet is significant only over a bandwidth extend-
ing up to 1 ke.'®  Since this represents only a small fraction of the
preamplifier bandwidth, the flicker effeet may be assumed to con-
tribute negligible noise in television eircuits.

If a multigrid tube is used in the preamplifier, the partition effect
must be reckoned with. In such tubes an electron must choose
between the screen grid or plate as its destination, causing an ad-
ditional degree of uncertainty in the instantaneous value of plate
current. North' has derived additional relationships which combine
partition and shot noise into a single equivalent tube noise resistance.

151), O. North, “Fluctuations in Space-Charge-Limited Currents at Moder-
ately High Frequencies,” Parts IT and ITI.  RCA Review, IV, 4 (April 1940)
and V, 2 (October 1940).

18V, K. Zworvkin and G. A. Morton, op. cit., p. 431.
17D, O. North, op. cit.
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Thus for tetrodes and pentodes where G, is used as the control grid we
have

f TETRODES
| PRNTODES

R,

Iy (_2_5 201, ey

rn (et hE) o

where
I, = average plate current, in amperes,
I, = average screen grid current, in amperes, and
gm = grid-plate transconductance, in mhos.

In general, an R, of from 500 to 1000 ohms indicates a good tube from
the standpoint of noise.

Summarizing these noise effects we see that the maximum signal-
to-noise ratio is set by the ratio of signal voltage e, = | Z [sAE to the
total Johnson noise of R,, R,, and the equivalent resistance of (6-24),
all in series. Consequently given a minimum value of S/N, we may
work backward to determine the lens constants for a given system.
The student is referred to De Vore and Iams™ for a summary of these
equations. A simplified calculation is outlined in the next section.

6-5. The Flying Spot Pickup Device®

We next consider the electronic flying spot scanner which is a
comparatively recent version of the flying spot scanner of the Nipkow
disk days. The system to be deseribed is limited in application for it
may only be used to pick up transparent program material of the type
available on film and slides. For this sort of application it affords a
relatively inexpensive form of camera-tube system and admirably
suits our purposes for an illustration of typical signal-to-noise ratio
calculations.

The basic principle of flying spot scanning has been described and
diagrammed in Chapter 3. The present system which has found use
in color television systems of the simultaneous color transmission
type (cf. Chapter 18) and in the Multifax svstem of transmission
differs from the mechanical scanners in that the flying spot of illumi-
nation is generated on the phosphor of a speecial cathode-ray tube and
is caused to mark out the scanning raster by magnetic deflection.
This moving light spot is focused onto the transparency through

18 H. B. De Vore and H. Tams, op. cit.
¥ Vin Zeluff, “Television Flying Spot Generator.” “Tubes at Work,” in
Electronics, 21, 6 (June 1948).
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a lens system of large diameter, a numerical aperture of f/1.9 being
typical. The light whose intensity has been modified by the trans-
mission coefficient of the various portions of the slide or film is
then spread over the photocathode of a phototube which generates a
corresponding electrical signal. The physical arrangement of the
apparatus is shown in Fig. 6-7.

FLYING SPOT
CATHODE RAY TUBE
SLIDE
W . CONDENSING  PHOTOTUBE —
- ~
?2\ N LENS .7 ~_ LENS

s ~. -

TO DEFLECTION
CIRCUITS

Fig. 6-7. (a) Components of an clectronic flving spot pickup
system. The flying spot originates on the face of the cathode-ray
tube shown at the left.

Fig. 6-7. (b) Photograph of the electronic flying spot scanner
equipment. The phototube is located in the housing at the right.
(Courtesy of National Broadeasting Company.)
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Let us set up a hypothetical problem in which we assume negligible
shunt capacitance across the output resistance, £,. This assumption
allows us to illustrate the type of caleulations involved but simplifies
the arithmetic to a considerable degree. The method may be ex-
tended to include shunt capacitance quite readily. Ior the specific
problem we shall assume a type 917 vacuum phototube, which has a
luminous sensitivity s = 20 wa/lumen. [, = 10,000 ohms. The
preamplifier is a 6AC'7, operating as a conventional pentode for which
I, = 10maand [, = 2.5 ma. By (6-33) the equivalent preamplifier
tube noise resistance is

R, = 716 ohms

which is an acceptable figure.

Let us further assume that we wish to caleulate the photocathode
illuminance that will give a combined signal to noise ratio of 30 to 1.
To do this it will be convenient to convert all noise components into
their equivalent mean squared current values. Thus for the tube
noise
— _ e

=15
which is the equivalent mean squared current which, flowing through
a noiseless resistance R, produces the same noise voltage as does
R, and equals

o

4ETR Af .
“R: (6-34)
Similarly, for the Johnson noise developed in R, we have
i = —4"7; Af (6-35)

There is also a noise component as a result of shot effect in the 917
which is given by eq. (6-24). The total mean squared noise current
is, then,

o dy Ny I igéf(% + 1) + 2y (6-36)
where i is the desired signal current in the highlights of the scanned
image. Inspection of (6-36) shows that for the circuit components
chosen the contribution of the preamplifier tube to the total noise is
negligible because R./K, < < 1.
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Yor the specified S/N ratio of 30 to 1 we may write
io

Vi

n

=30 (6-37)

Squaring and substituting from (6-36) we get a quadratic in %,, the
signal current, whose value on solution turns out to he i/, = 0.07 pa,
for an assumed temperature of 300° IX and a 4-me bandwidth.

We may now work backward from cq. (6-22) to calculate the re-
quired illuminance of the photocathode which has a projeeted area
of tiz square feet. The required value of E is approximately 0.5
tlumen/ft2. It shoukd be stressed onee again that the results caleu-
lated in the example above are artificial in that the shunt capacitance
across 2, has been neglected, an assumption which is generally not
valid for a bandwidth of about 4 megacyecles.

It might seem at first glance that the calculated value of E is low
enough that no large demands are made on screen intensity of the
flving spot cathode-ray tube. More careful consideration shows the
converse to be true beeause the resolution of the whole system is de-
termined by the size of the spot on the seanner tube; in fact, the spot
size is the size of the pickup scanning aperture. Ideally, only one
spot at a time on the surface of the tube is glowing; hence all the flux
which produces the required photocathode ilumination must come
from a single spot whose diameter should be in the order of 0.001 in.
This requires extreme screen intensity, a condition which has been
met by the use of a sereen phosphor of zine oxide.® This type of
screen has the additional advantage of providing a rapid decay of
intensity, which falls to 5 per cent of its initial value in 1 wsec. A
longer decay time would effectively increase the width of the scan-
ning aperture in the direction along the seanning line.  In the nota-
tion of the last chapter the £ dimension would increase,

The flying spot scanner just discussed provides an excellent svstem
of televising transparent subject matter. The basic equipment is
relatively inexpensive in comparison to the more common types
which employ camera tubes of the type to be described.  The de-
velopment in recent years of electron-multiplier-type phototubes
which inherently have large outputs would indicate that the flying

2 (i, C. 8ziklai, R. C. Ballard, and A. C. Schroeder, “An Experimental Simul-

tancous Color Television System.  Part H—Pickup Equipment.””  Proc. IRE,
36, 9 (September 1947),
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spot scanner will enjoy increasing popularity for film pickup in black
and white as well as in color television systems.

THE IMAGE DISSECTOR

We now turn our attention to the true camera tubes, those which
arc not limited to any particular type of subject matter and which
combine the scanning, sampling, and transducing functions all in a
single envelope. The major steps in the development of these true
camera tubes have been listed in Chapter 3 and, in general, they have
followed along two basic types, those that are storage devices or
those that are nonstorage devices. Although tubes of both types
were announced almost simultaneously in 1934, we shall consider
first the nonstoring image dissector because the bulk of recent devel-
opment has been along the storage line.

6-6. Method of Operation

Described originally in 1934 by Farnsworth,?* the image dissector
was one of the first practical camera tubes. Its early form was that
shown in Fig. 6-8. Physically the tube comprises an evacuated en-

RS, TR0

SEMITRANSPARENT (oo » “ANODE
PHOTOCATHODE
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Fig. 6-8. Early form of the image dissector tube.  The deflection
signals cause an clectron image which is produced at the photo-
cathode to scan across the aperture in the anode.

velope which contains a photocathode, an anode in which is centered
a small scanning hole (aperture), and a signal plate or collector. As
shown in the diagram, the collector is directly behind the aperture
and collects electrons which flow through the aperture. The stu-
dent should notice the absence of the electron gun, which is common
to all of the cathode-ray devices discussed so far. The focusing
action is obtained magnetically rather than electrostatically with the
help of a uniform axial magnetic field due to the focus coil shown.

21 P T. Farnsworth, “Television by Eleetron Image Scanning.” J. Franklin
Inst., 218, 411 (October 1934).
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Consider the operation of the dissector tube. A light image of
the televised scene is projected onto the translucent photocathode
by a lens system. Since the entire scene covers the photocathode,
electron emission takes place over the whole cathode simultaneously,
the number of electrons emitted at any instant from an elemental
area being proportional to the illuminance of that elemental area.
These emitted electrons are accelerated toward the anode by the
anode voltage. In effect then, the light image on the photocathode
has been transduced into a corresponding electron density image
which moves toward the ancde under the influence of the accelerating
voltage and the focusing field. With proper adjustment of the focus
coil current, this electron density image is in focus at the plane of the
aperture. Obviously those electrons that fall in the area of the hole
continue on to the signal plate or collector and constitute the output
current.

Consider now that saw-tooth currents of the proper amplitude and
frequency are applied to the horizontal and vertical deflection coils.
The resulting magnetic field causes the entire electron density image
to scan across the aperture. Thus the output current follows the
illuminance across and down the picture area in a pattern determined
by the scanning raster.

This scanning action may be stated in a different manner. In-
stead of having a moving aperture scan across a stationary electron
density image, the image dissector causes the electron image to scan
across a stationary aperture. In either case the result is the same:
the aperture samples the electron image. Since the electron image
conveys the luminance information of the original scene, the resulting
output current is an I(¢) corresponding to a B(z,y), ¢ and (z,y) being
interrelated by the scan pattern.

6-7. The Output Current

It 1s of extreme importance to note that at any instant the output
current is proportional to the brightness of some area in the original
scene as it appears on the photocathode, the area being equal to
that of the aperture hole in the anode. Thus the resolution of the
dissector is determined by the physical size of the aperture.

Let us call the aperture area one picture eiement. It follows from
the previous discussion that at any instant the output current is pro-
portional to the instantaneous illuminance of that element on the photo-
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cathode which 1s focused on the aperture. For this reason, the image
dissector is said to be of the instantaneous type of camera tube.

Let a be the clement area. Then if w and h are, respectively, the
photocathode width and height, and M is the figure of merit defined
in Chapter 1, we have that

¥/
a =47 (6-38)
Then for a photocathode of uniform luminous sensitivity, s, the out-
put current will be
skwh

1= sak = T (6-39)

Equation (6-39) is basic for all camera tubes of the instantaneous
type. Since M is about 100.000 for good resolution, the equation
shows an inherent shortcoming of such devices: extremely high
photocathode illuminance levels are required to produce a useful
output, that is, one above the noise level.

It will be observed that the output current is limited by the photo-
cathode area but this may not be inereased without limitation be-
cause of the corresponding increase in tube size and lens cost.  One
distinet advantage of the form of dissector shown in Fig. 6-8 is that
the translucent photocathode permits a short focal length lens to be
used.  This is economically desirable for if an f number—defined in
(6-18)—is given, a lens of smaller diameter may be used.  To count-
er-balance this, the light transmission coefficient of the translucent
photocathode is low, which requires compensation in the form of
higher scene lighting levels.

6-8. Electron Multiplier Image Dissector

29

A more recent form of the image dissector,® which employs elec-
tron multiplication to boost the output current, is diagrammed in
Fig. 6-9a. This form of the dissector differs from that just deseribed
in two ways. First, the semitransparent photocathode is replaced
by an opaque one which requires illumination from the opposite end
of the tube through a lens of long focal length.  Secondly, the output
current is inereased by several stages of secondary emission multipli-
cation. The basic form of the eleetron multiplier is shown in Fig,

S m R. W. Sanders, “Industrial Television.”  Radio-Electronic Engineering Edi-
tion of Radio and Television News, 12, No. 2, 3 (February 1949).
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Fig. 6-9.  (a) The output of an image disscetor may be increased
by means of an electron multiplier which is located off center in the
tube in order to provide a elear optical path to the photocathode.
(b) Operation of the eleetron multiplier. Current amplification
oceurs at each dyvnode, a, b, ¢, and d, beeause the sceondary emission
ratio is greater than unity.

6-9b. A number of accelerating electrodes or *‘dynodes,” a through
d in the diagram, are arranged physically and electrically so that any
electrons emitted from a go to b, any emitted from b go to ¢, and so
on until the final output emission from d is collected by e and goes to
make up the output current, ¢,. Electron or current multiplication
takes place because of a secondary emission ratio, r, greater than
unity at each dvnode. If 7 be the primary current passing from the
photocathode through the aperture to the first dynode, a, the output
current will be

To = TTalslTa (6-40)

or, in the general case, if there be n dynodes exclusive of the collector,
each having the same secondary emission ratio, the output will be

L, = ir" (6—41)

which indicates a current gain of . In a typical image dissector
with a voltage per dynode of 200 v, the secondary emission ratio is
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in the order of 3 or 4. Consequently current gains in the order of
one million are attainable.

We have scen from eq. (6-39) that the primary or aperture current
is directly proportional to the aperture area, a. For an image dis-
sector with an a of 40 square mils and a luminous sensitivity of 20
pa/lumen, we have for the primary current

1 = ska

(2 X 10754 X 10")(4 X 1079)
o (1.44 X 10?)

for an illuminance of 40 foot-candles. Henee a typical output cur-
rent is in the order of 200 pua. This is a relatively high output, but
the 40 square mil aperture by the same token would give poor resolu-
tion because of its comparatively large size. It still remains that in
the image dissector high resolution at high output can be bought only
at the expense of high illuminance levels. As a consequence its use
at the present time is largely restricted to low-resolution systems
having about 200 active scanning lines or to applications where ex-
tremely high light levels arc possible. The low resolution system
for telemetering is discussed in Chapter 8. In certain color television
systems the image dissector is used for film pickup, because of its
desirable color response. In this case illumination is furnished by a
carbon arc, and high intensity is possible with no particular difficulty.

=222 X 107" amp (6-42)

6-9. Multiplier Noise

It is almost axiomatic in electronics and communication work that
the addition of a circuit element to improve one characteristic of a
system deteriorates some other characteristic.  For example, a trans-
mission line may have its response equalized at the expense of gain,
or an amplifier gain may be increased with a corresponding loss in
bandwidth. The question might well be asked, then, as to what
system characteristic has suffered because an electron multiplier has
been added to increase the dissector output current.

In this particular it is fortunate that secondary emission takes
place with little of the randomness which accompanies thermionic or
photoelectric emission. The process is fairly definite: One incident
electron literally dislodges r electrons from the secondary emission
surface. For this reason the electron multiplier imparts equal gain
to all components of the primary current; hence, the shot noise de-
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veloped at the photocathode is multiplied by the same ratio as the
signal current. As a result, eq. (6-24) applies to the electron multi-
plier image dissector with the exception that the noise and signal
components must be interpreted in terms of the output values at the
multiplier collector electrode.

Let m be a proportionality constant. Then, from (6-39) and
(6-41), the output signal is

1o = ma (6-43)

Similarly, from (6-24) the r.m.s. output noise current resulting from
shot effect is

i = V72 @ Vima (6-44)
It follows, therefore, that

]%oc\/; (6-45)

We may also reason that the resolution, being inversely proportional
to aperture size, is proportional to 1/a. We can see, then, that given
an illuminance, (S/N) increases slower than the resolution decreases
as the aperture size is increased. Nevertheless, the one may be
traded for the other but the odds are not even. This confirms the
results of the last section in a more precise fashion.

6-10. Magnetic Focusing

In the preliminary discussion of the image dissector it was noted
that no electron gun is present in the tube and that focusing is ob-
tained with the use of an axial magnetic field. Since this system of
focusing is used in several of the camera tubes that will be discussed,
we shall consider the action which takes place analytically. We
assume that a uniform axial electric field, &, is produced by the cath-
ode-anode voltage. Turther, a similar uniform magnetic field of
intensity /1 is produced by a long coil wound around the circumfer-
ence of the tube and extending over its entire length. An electron is
released from the cathode with an initial velocity v, inclined at an
angle ¢ from the system axis. This initial velocity may be resolved
into two components, one normal to the axis and of magnitude
., sin 6, and the other parallel to the axis and of magnitude », cos 6.
These two components may be considered independently.
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Consider, first, the normal component which is unaffected by the
electric field. Since it causes the clectron to move normal to the H
lines, the electron will be subjected to a force

f = wofler,sin @ (6-16)
f is a constant force normal to / and to the veloeity component

v, sin § and consequently causes the clectron to rotate in a circular

APERTURE( PLANE

CATHODE _& 4, ANODE
‘I
H
v
Yo —gJwsine
“Vo c0S ©
d S
Fig. 6-10. Magnetic focusing with a long, uniform axial magnetic
field.

path with peripheral speed v, sin 8 in the plane normal to the mag-

netic field. Since the path is circular, f is balanced by a centrifugal

force

m(v, sin 6)?
p

Equating (6-46) and (6-47) we get for the radius of the circular path

= (6-47)

__mr,sin 8
P uoHe

Since the electron moves with constant speed around the circle of
radius p, the time, , required for one trip around the cirele is

(6-48)

_ 2wp  _ 2mm
T posind  pokle (E=)

This last equation has interesting implications because = is independ-
ent of 6, v, and p. Thus all clectrons emitted into the fields with
components of velocity normal to the fields follow circular paths and
they all complete one revolution in the same length of time, .

Simultaneously each electron is being attracted to the anode by
the electric field which produces a constant axial acceleration
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a=— (6-50)
and the resulting axial velocity component of the electron is
& -
e = 1,008 60 + :::"—t (6-51)

We see, then, that the electron has two components of motion, one
circular in a planc normal to the fields, and the other linear and
parallel to the fields. Therefore the actual electron path as it moves
from cathode to anode is a helix, and in time 7 the electron will
move an axial distance

’ € 72
t=‘£zr,dt—v cosfr + " 2 (6-52)
and substituting from (6-51) for = we get
21rm o
= I (v H> (6-53)

If now H is adjusted so that [ is equal to d, the intercathode-aperture
spacing, all those electrons leaving an area « on the cathode, and for
which 6 is small enough that cos 8 = 1, will arrive in an equal area a
in the plane of the aperture. Since this statement is true for any
area « on the surface of the photocathode, it follows that an clectron
density image produced at the cathode reproduces itself in the plane
of the aperture. Where [ is made equal to d, the reproduced image
is erect and of the same size as the density image at the cathode.

In more advanced treatments® of the problem it is shown that
other ratios of I to d may produce amplification, and that improper
adjustment of /7 will produce a rotation of the image at the aperture
plane. It is sufficient for our purposes to note that it is possible to
produce an erect image of magnification one.

In the analysis of magnetic focusing it is assumed that the mag-
netic field intensity /7 is uniform through the intercathode-anode
space. The problem of producing such a uniform field with a coil is
not without difficulties. One method that has been used employs a
coil with a tapered winding, that is, the long focusing coil of Fig. 6-8
and 6-9 is wound with a varying winding density over its length.

21, G. Maloff and D. W, Epstein, Flectron Optics in Telerision. New York:
MeGraw-Hill Book C‘ompany, Ine., 1938,
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Proper control of the winding density will give the desired field.
Small irregularities in the field which may be seen as irregularities in
the raster of the televised picture may frequently be removed by
placing small chips of high-permeability metal between windings or
on top of them. This procedure alters the permeability of the mag-
netic circuit in the region where the chip is inserted and though tedi-
ous may lead to excellent results.

An alternate approach for producing a magnetic field which is uni-
form over the length of the dissector tube employs a uniformly wound
focus coil surrounded by a tubular magnetie shield wound of iron
wire. This solution is used in connection with the image orthicon
tube which, in ecommon with the dissector, uses long-coil, magnetic
focusing.®

THE ICONOSCOPE=®z

We have scen that the chief limitation on the use of an image dis-
sector as the camera tube in high resolution television systems is that
it requires extremely high levels of picture brightness and cathode
illuminance. This comes about because the dissector is inherently
an instantaneous device; at any instant the output is proportional to
the instantaneous illuminance of the element being scanned. In
1934 Dr. V. K. Zworykin announced the iconoscope tube which rep-
resented the culmination of some ten or more years, work on the de-
velopment of a camera tube which could utilize a new principle of
operation. This principle required a single element of the photo-
emissive surface to store up charge for the entire interval between
suecessive scans. This revolutionary device at once was a camera
tube of high output which made the electronic televising of studio
scenes a practical matter. We shall consider in order a general de-
scription of the iconoscope, the storage principle, and operation of
the device. Subsequent sections will discuss some of the equipment
normally associated with the iconoscope pickup chain and some of
its principal characteristies.

2 R, D, KRell and G. C. Sziklai, “Image Orthicon Camera.” R.C.A. Reriew,
VIL, 1 (March 1946).

2 V. K. Zworykin, “The Ieonoscope—A Modern Version of the Electrie Lye,”
Proc. IRE, 22, 1 (January 1934).

26V, K. Zworykin, “Television,” J. Franklin Inst., 217, 1 (January 1933).

27V, K. Zworyvkin and G. A. Morton, op. cit.
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Shown in Fig. 6-11, the iconoscope (icon—image, scope—observa-
tion) comprises an electron gun and a photosensitive mosaic mounted
in an evacuated envelope. Of importance, too, is an aquadag col-
lector electrode on the inner surface of the envelope, which is nor-
mally operated at some 1000 v positive with respect to the electron
gun cathode. The mosaic that is the heart of the device consists of
a thin uniform sheet of mica backed by a conducting metallic coating
referred to as the signal plate. The front side of the mosaic consists
of a very large number of small-sized insulated islands of cesiated

OPTICAL WINDOW AQUADAG COLLECTOR

SIGNAL PLATE

||I||
I
~——1000v—>]

Fig. 6-11. Basic circuit of the iconoscope.

silver which are photoemissive. Each of these islands is capacitively
coupled to the signal plate by a condenser consisting of the island,
the signal plate, and the mica between them. Some idea of the
minuteness of the photosensitive islands may be derived from the
idea that the gun scanning beam of diameter between 0.01 and 0.02
in. covers a large number of the islands. In the commercial types of
iconoscopes, such as the 1849 and 1850, the electron gun is inclined
at an angle relative to the mosaic, a convenient mechanical arrange-
ment to provide an unobstructed optical path between the window
and mosaic. Magnetic deflection of the beam is used and means
must be provided for correcting for the eccentric gun position.”

The type 1847 experimental iconoscope overcomes the necessity of
the out-of-line gun by using a semitransparent or translucent mosaic-
signal plate system. The resulting need for increased illumination
is not serious in experimental systems for which the 1847 is intended.
In fact, a single 200-w lamp, silvered on the inside in conjunction

28 See section 6-17 on keystone correction,



218 CLOSED TELEVISION SYSTEMS [§6-11

SEMITRANSPARENT
DEFLECTION MOSAIC AND
ELECTRON PLATES SIGNAL PLATE
’

GUN

—— OPTICAL
WINDOW

Fig. 6-12. The type 1847 iconoscope which employs a semitrans-
parent mosaie and cleetrostatice deflection.

with an f/2.3 pickup lens, provides sufficient illumination for still
scenes, ¥

In brief, the operation of the iconoscope is as follows: Under the
influence of the incoming light image the mosaic islands emit photo-
electrons. By virtue of the island-to-signal plate capacitance charge
is stored up in proportion to the number of electrons emitted, with
the result that the illumination image is stored in the form of charge
on the multitude of subelementary condensers. The beam of elec-
trons emitted from the clectron gun is caused to scan across the
photosensitive face of the mosaic by the deflection yoke and suitable
deflection cwrrents. This stored information is then released in
proper sequence to the output circuit by the electron beam which
effectively restores the lost charge to each of the condensers in order.
Thus the output current from each clement is, theovetically at least,
proportional to the illumination of that element for the entire interval
between two successive scans of the element.  The resulting increase in
output over that of a corresponding instantaneous type of pickup
tube is theoretically in the order of the system figure of merit, M.
We show this in the next section. A more careful analysis of the
iconoscope operation will follow and shows where the results in prac-
tice do not give the theoretical gain over
the other type of system.

6-11. The Storage Principle

We have seen that the mosaic consists of
SENSITIZED a multiplicity of photoemissive globules of

SILVER GLOBULES . . . .
—— . . activated silver, each of which has capaci-
el ] SVATBCE tance to the signal plate.  An enlarged dia-

section of the iconoscope > o ‘
mosaic, gram of a portion of the mosaic is shown in

29 1947 Iconoscope Data Sheet, RCA Manufacturing Co., Inc., 1940.
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Fig. 6-13. As long as light falls on the photoemissive surface, elec-
trons leave that surface, causing a charge to be built up in the subele-
mentary condensers. If, now, each condenser be discharged at
regular intervals, 7, the output current at discharge will be propor-
tional to the total photoemission between successive discharges. Let

a = element area = area of scanning beam

Let ¢, be the instantaneous value of photoemission current from an
element. [This may be calculated from (6-39).] Then the charge
stored by the element between successive scans is

q=t(r — 7, (6-54)

where 7. is the time for the beam to scan over and discharge one
element. Since there are M such elements in the mosaic, 7, is the
ratio of 7 to M. Thus the output current delivered by a single
element. when it is scanned is

iy = ;L =i, (M — 1) ~ i,M (6-55)
M generally exceeds at least 10¢; hence, the term unity is negligible
and we see that, in theory, the storage device gives an output M times
greater than a nonstorage tube, other things being equal. Practi-
cally, (6-54) must be modified because the stored image is contami-
nated by emission from other elements and because the potentials
present at the mosaic prevent saturated photoemission to take place.
These effects may be handled by an efficiency factor, 5, to which
Zworykin assigns the approximate value of 5 per cent. Even with
this low efficiency, for an M of 100,000, the iconoscope will have 5000
times the output of the image dissector. Translate this gain into
terms of required scene illuminance and the revolutionary effect of
the iconoscope on the development of practical television is at once
apparent.

If the expression for 7, eq. (6-39), be substituted into eq. (6-55),
it will be seen that at least in theory the iconoscope output is propor-
tional to the mosaic area. This result may be reached intuitively
because for a given figure of merit, the element size, a, increases with
the mosaic area. The larger a is, the larger the photoemissive sur-
face and output current. In the commercial lconoscope, a compro-
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mise mosaic size of 9 X 12 ¢m is used.  Zworykin has given the fol-
lowing constants as typical of a commercial iconoscope.

wh = 100 em?®
s = 15 pa/lumen

Then, assuming an efficiency of 5 per cent and a 10,000-ohm coupling
resistance, we may calculate the output voltage of the iconoscope to be

e, = 0.85E (6-56

where E is in lumens/cm?,

The measured response of some typical iconoscopes shows that at
low levels of illumination the output-voltage illuminance character-
istic is linear as predicted by our equations. The slope of this initial
rise in the measured characteristics is 1 v /Tumen/cm? rather than the
0.75 value calculated above. It may also be seen from Fig. 6-14
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Fig. 6-14. Response of a typical iconoscope. s = 15 micro-
amperes/lumen; wh = 100 em?; R = 10 kilohms. (From V. K.
Zworykin and G. A. Morton, Television. New York: John Wiley &
Sons, Inc., 1940.)

that the linear relationship of the measured curves breaks down at
higher level of illuminance. In fact, overa wide range of illuminance
the e, versus E characteristic is logarithmic, z.e., the relationship may
be expressed as ¢, = K log E.

6-12. Electron Bombardment of an Insulated Surface

It is of passing interest to note that three types of electron emission
take place in the iconoscope: (a) thermionic—at the electron gun
cathode, (b) photo—at the mosaic, and (c) secondary—at the mosaic.
This secondary emission occurs at the surface of an insulated target,
the mosaic, when it is bombarded by the high-speed beam electrons
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which have sufficient energy to release the secondaries. We next
consider this mechanism in detail. Maloff ® has described some
experiments which give an excellent insight into the mechanism of
bombardment. The circuit used is shown in Fig. 6-15. Under the

~COLLECTOR
NICKEL TARGET

3
K
TcoLLector

I % z %,

Igeam ITARGET

Fig. 6-15. Tube for investigating cleetron bombardment.  (Cour-
tesy of Electronies.)

influence of the accelerating voltage the beam of electrons emitted
from the eclectron gun hits the nickel target, releasing secondary
electrons. The number of secondary electrons emitted by the target
is determined by the beam current (number of primary electrons)
and the target secondary-emission ratio. It is not necessarily true
that all the secondary electrons will go to the collector to form I,
the target-collector voltage being a determining factor. The emitted
secondary electrons not collected by the collector clectrode must
fall back onto the target. As a result the ratio of I. to I, is not
identical to the secondary emission ratio, and depends upon the col-
lector voltage.

The object of the experiment is to measure the ratio I./I, as the
collector-target voltage is varied; the results are plotted in I'ig. 6-16.
As might be expected, as the collector hecomes more negative the
collector current decreases, the excess emitted secondaries returning
to the target.

We note that with a retarding voltage of 3 v the collector and beam
currents are equal; hence the target current is zero, and the switch,
K, may be opened without disturbing the cireuit. Since nothing is
changed electrically by opening the switch, we note that the target

® 1. G. Maloff, “Electron Bombardment in Television Tubes.” Elecironics
17, 1 (January 1944).
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Fig. 6-16. The ecurrent-voltage charaeteristic of a nickel target.
(Courtesy of Electronies.)

is at beam potential, but the collector is negative by 3 v with respect
to the target. This is tantamount to saying that an insulafed nickel
target under hombardment by a 500-v electron beam will become 3 v
positive with respect to the collector cleetrode. Any change in
target-collector potential will cause a corresponding change in col-
leetor current until this equilibrium value of 3 v is reached.

These results may be generalized for any insulated target having a
secondary emission ratio greater than unity and under hombardment
by a high-velocity electron beam: it will assume a potential of a few
volts positive with respeet to the eleetrode which collects the emitted
secondary clectrons. This positive voltage is known as the equi-
librium potential of the bombarded surface. The velocity of the
primary beam electrons is determined by the collector voltage plus
the target voltage.

We may now carry over these ideas to the iconoscope, where the
target is the front or photoemissive side of the mosaic.  Strietly
speaking, since cach of the photoemissive islands is insulated com-
pletely from all other islands, we have an array of insulated targets.
We shall still consider an element to be composed of the sum of all
such islands under the electron beam at any given instant.

Let us first consider the action of the bombarding heam when the
mosaic is in darkness. 7.e., when no photoemission oceurs.  IFrom the
results stated above we know that, direetly as an element is scanned,
its potential reaches the cquilibrium value relative to the collector
This process applies repeatedly as the beam passes from clement to
clement. The secondary emission ratio is greater than unity and
yet, when cach element is driven to the equilibrium potential, the
collector and beam eurrents are equal.  This means that we must
account for the large number of secondary eleetrons released by the
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beam, which represents the difference between the secondary emis-
sion ratio and collector-current—-beam-current ratio. This idea may
be made clearer by a crude example. Assume a secondary emission
ratio of 5 to 1. This means that one beam electron releases five sec-
ondary electrons from the mosaic element. Since the element is
insulated it reaches equilibrium potential which, in turn, is such that
only one of the secondaries goes to the collector.  Thus four electrons
are left over; they are the difference between the five emitted elee-
trons determined by the secondary emission ratio and the one elec-
tron comprising the collector current.

Since these ‘“‘excess” electrons cannot go to the collector, they must
fall back onto the mosaic itself and will naturally tend to return to
the more positive elements—to those elements which have already
been scanned. Notice that when the whole mosaic is viewed in
darkness as it is scanned, we sce the following process take place: As
a given element is scanned by the beam it is driven to an equilibrium
potential which is positive with respect to the collector. Then, as
the beam moves on, the same element picks up some of the excess
secondaries emitted from succeeding elements until its potential is
between 0.5 to 1.5 v negative with respect to the collector. At this
voltage the excess secondaries from other elements are repelled. To
summarize this process: A given element of an unilluminated mosaic
reaches a low value of, say, —1.5 v. Then, while traversed by the
beam, it is driven to an equilibrium value of roughly +3 v. The
difference between the two values is the operating range of the mosaic
potential.

If we now add to this mechanism the effect of photoemission when
the mosaic is illuminated by the light image of the televised object,
we will find that a specific element gives off photoelectrons in propor-
tion to its illuminance, and the element voltage increases positively
from its negative value up to some value, say v, when the scanning
beam arrives. Then the voltage will almost instantaneously jump
from v to the equilibrium value. The resulting change in charge on
the element scanned causes a flow of charging current through the
capacitance to the signal plate and produces a corresponding voltage
across R, in the external circuit of Fig. 6-11.

Since a dark mosaic element produces an output voltage propor-
tional to the difference between, say, —1.5 and +3 v, an illumi-
nated element gives an output proportional to the difference between
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—1-5 and (+3 — »). @t is determined by the photoemission.  As a
result the output always depends on (43 — v).  Ior high mosaic
illuminance » is high (near +3 v), and the output is low. Con-
versely, for low illumination, only a smal number of photoelectrons
are emitted; v remains close to —1.5 v; and the output on scanning
is large. The iconoscope gives a black positive output.

Maloff has suggested an equivalent electrical cireuit for the icono-
scope, based on the charging characteristic of the bombarded mosaie
surface. The use of such a circuit is necessarily limited because the

entire process taking place in the icon-
BRUSH oscope is not completely understood;
| the equations which result from the
circuit do not permit the ready calcu-
lation of output voltage from the de-
vice. Iowever, the circuit does serve
to give a physical picture of some
effects occurring in the tube. Figure

Fig. 6-17. Maloffs  equiva- 6-17 shows the scanning ?,cti()n of

lent circuit for an iconoscope.  the electron beam to be equivalent to
(Courtesy of Electronics.) a brush commutating across the sub-
elementary capacitances on the mo-
saic. Each element is charged to some voltage £, which depends
upon the photoemission from that element and upon the number of
excess electrons which were released from other elements, failed to
reach the collector, and returned to that element. As the brush
commutates across the elements a charging current proportional to
the difference between r and £, flows and restores each condenser to
its equilibrium potential. Since I, varies from element to element,
the charging current varies in a like manner. It is this difference in
charging current which is the output current of the iconoscope.

The shower of excess secondaries tends to neutralize some of the
charge stored by photoemission. In fact, it has been estimated that
only about one-quarter of the picture charge is left on an element
when it is scanned. Morveover, the electric fields at the mosaic are
such that they prevent saturated photoemission, and only about
one-third of the predicted number of photoelectrons leave an element.
These two effects combine to give the storage efficiency factor, 7,
previously defined in connection with eq. (6-55). I‘rom the data
previously given its approximate, average value is

N
N

|
I
| " —N
I
I
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We have just seen that the excess secondary electrons emitted at
the mosaic tend to cancel stored charge. They also eause two other
deleterious effects: Thev prevent a fixed output level corresponding
to a black signal, and they cause the output current to contain a
spurious component which causes a dark spot in the final reproduced
picture. These effects will be considered in order.

In the absence of secondary emission an unilluminated region on
the mosaic would remain at the equilibrium potential. When
scanned by the electron beam the instantancous charging current
would be zero—and furthermore, it would be zero for every unillumi-
nated mosaic region. Were these conditions to obtain in the icono-
scope, the black regions of the picture would always deliver the same
fixed level of output voltage or, stated in other words, the device
would have a fixed black level.

As we have scen, however, this ideal condition does not obtain in
the tube. The charge on an unilluminated mosaic area will not
be fixed but will depend upon the number of excess secondary elec-
trons which have arrived on that region. To further complicate
matters the distribution of these excess secondaries is not uniform;
it tends to be almost random, being affected to some extent by the
picture content. The apparent reason for this quasi-randomness 1s
that these secondaries are attracted to the more positive regions of
the mosaic, 7.c., to those regions which have the highest illuminance.
I'rom these facts it follows that che unilluminated regions are not at
equilibrium potential, and worse, their potential is not fixed but de-
pends upon the distribution of the secondaries. When scanned,
these black regions require a charging current and deliver an output
which is not fixed. There is no fixed black level in the output.

This condition is further aggravated because the picture informa-
tion is coupled to I2, through the mosaic-to-signal plate capacitance
which makes the average value of the output voltage zero. Since
the average value of the generated signal should be proportional to the
average scene brightness or background level, the significance of this
fact is that background level information is absent in the output
voltage developed across R,. These conditions are shown in Fig.
6-18. Tortunately they may both be corrected with the use of the
d-c¢ insert circuit described n a subsequent section.
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Fig. 6-18. The output of an iconoscope lacks a fixed black level
and background level information. (1) Variation of illuminance
along a scanning line.  (b) The corresponding black-positive output
signal.  Notice that the blaek level is not fixed and that the average
value of the signal is zero.

The so-called dark spot is also the result of the quasi-random dis-
tribution of the excess secondary electrons over the mosaic surface.
The net potential distribution on the mosaic may be considered to
consist of two components, one due to the picture and one due to the
shower of excess secondaries.  When scanned the mosaie delivers an
output which again contains thesc same two components, the latter

Fig. 6-19. A televised image showing the effeet of iconoscope dark
spot.  (Courtesy of American Broadeasting Company.)
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of which is spurious and unwanted. The regions which receive the
largest number of the redistributed electrons are most negative and
will show up dark in the output; thus the spurious component of sig-
nal produces a dark region or dark spot in the final picture. A
typical example of this is shown in I"ig. 6-19.

We may sum up the situation this way: regardless of the mosaic
illumination the iconoscope will deliver an output signal which is
caused solely by the quasi-random distribution of the excess second-
ary electrons.  When a picture is present this dark spot or spurious
signal is superimposed on the picture signal and, like noise, cannot
be separated from it. 1t is desirable, of course, to climinate this
spurious component of the iconoscope output. Generally speaking,
there are two avenues of approach to a problem of this sort. The
trouble may be eliminated at its source or some sort of compensating
device may be used to cancel out its effect. Let us examine these
possibilities.

If we are to eliminate the dark spot at its source, we must in some
manner eliminate secondary emission at the mosaic for it is the sec-
ondaries that cause the difficulty. This, in turn, may be accom-
plished by reducing the accelerating voltage in the tube.  Actually
this is no solution at all, for if no secondaries are available to establish
a conduction path between the mosaic and collector, there can be
no output current from the iconoscope; the remedy is worse than
the initial condition.

Other forms of camera tube, however, such as the orthicon, do not
depend on secondary emission for operation and as a result do not
have dark spot to the same extent as docs the iconoscope.  The
alternate approach is to introduce into the signal a dark spot-can-
celing component. The method for accomplishing this is described
in the next section.

6-13. Shading

In the preceding section we have seen that the output signal of the
iconoscope has a spurious component, commonly called the dark spot,
which results from a quasi-tandom distribution on the mosaic of
excess secondary electrons. The process of compensating for this
spurious component is known as shading and is the subject of the
present, section.

It is axiomatic that if we are to compensate for the effects of some
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quantity, we must know something of its characteristics. In the
case of shading we must know the common forms in which a dark
spot manifests itself, and it is fortunate that these are comparatively
regular and well known. To a first approximation, at least, the dark
spot shows up in the following forms: a gradual shading across the
picture, a shading from edge to center to edge, a gradual shading
vertically on the picture, or a combination of these. Some of these
are illustrated in Fig. 6 -20.

l ‘!’I
!,Il
(AT —— —

(b) (c) (d)
Fig. 6-20. Common forms of dark spot. Each may be eanzeled

by addition of its inverse, which is furnished by the shading voltage

generator.  (Photos courtesy of American Broadeasting Company.)
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Fig. 6-20e. Actual appearance of the horizontal saw-tooth shade of Fig. 6-20 (a).
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Fig. 6-20g. Actual appearance of the vertical saw-tooth shade of Fig. 6-20 (e).
229
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BROADCASTING
COMPANY

Fig. 6-20h. Aetual appearance of a vertieal parabola shade

Oncee the horizontal and vertical eomponents of the dark spot are
known, their inverses may be added to the signal.  If this is done
properly the spurious component will be canceled out of the picture
signal. It must be realized that in the presentation of a television
program there is insufficient time to analvze the dark spot, conse-
quently the procedure used is to make available a numnber of suitable
correcting voltages to a trained operator. Then, watching the final
picture on a monitoring cathode-ray tube, he can adjust these volt-
ages until the picture is free from the spurious signal.  In practice
the procedure is less difficult than it sounds; the confrols vequire little
adjustment except where the over-all picture level changes abruptiy,
such as on a change of scene. A typical shading generator diagram
is given in IFig. 6-21. The controls for the horizontal saw-tooth
shade voltage are indicated by Py and Si. Py is a conventional po-
tentiometer that allows adjustment of the amnplitude of the correcting
saw-tooth wave. The polarity of the correction voltage may be
reversed by means of Sy, which changes the number of stages of
amplification from an odd to an even number or vice versa.

The parabolic wave form, or **center push’” as it is frequently called,



§6-13] CAMERA TUBES 231

— S
____1_15,750 o "o ———
r—OT o—
5MEG
-0\ O
—§ 7.5KA

Lo\ o

v

Fig. 6-21. A typical shading voltage generator. Each of the
shading signals may be added to the iconoscope output signal to
cancel the dark spot.

is obtained by electrically integrating a saw-tooth voltage with an
R-C circuit.

In certain television studios it is felt that other wave forms in addi-
tion to the saw tooth and parabola are necessary for proper shading.
The diagram of Fig. 6-21 shows provisions for correcting with sine
waves at line and frame frequency and at twice these values. It
might be well to discuss how these wave forms are produced. It is
assumed that the saw-tooth voltages at horizontal and vertical sweep
frequency are available. By means of Fourier analysis it may be
shown that a saw-tooth wave contains both odd and even harmonics
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of the fundamental repetition frequency; consequently there are
present in the wave the fundamental and second harmonic. These
components may be separated out by filters as shown in the diagram
and used for shading. Under commercial telecasting standards the
frame and power line frequencies are identical, so it is rather foolish
to filter out a 60-cycle component from the vertical saw tooth. It
may be obtained directly from the power line through a step-down
transformer. The 120-cycle component is obtained by rectifying
the 60-cycle component with a full-wave rectifier. The rectified
output is rich in second harmonic, which may be filtered out by some
circuit of the form shown in the diagram. The student should re-
alize that numerous variations of I'ig. 6-21 are possible; the diagram
only suggests a few sources of the various shading voltages. It is
felt in some quarters that a maximum of six voltages (saw tooth,
paraboliec, and fundamental sine wave each at line and field fre-
quency) are adequate, and that the monitoring operator cannot
handle more than this number.

The method of combining iconoscope output and shading signals
is worthy of note. As may be scen from the diagram the shade sig-
nals are applied across a low-resistance tap on a 5-megohm resistance.
By this device the iconoscope is made to see an essentially constant
load regardless of adjustments in the shading circuit. It will be
shown in the next section that the 5-megohm resistance is not the
iconoscope load resistance, R,, shown in Fig. 6-11.

6-14. The Coupling Circuit

We have already seen that the maximum possible signal-to-noise
ratio of the whole television system is set at the coupling circuit be-
tween the camera tube and the first preamplifier stage. As a result
this coupling circuit must be designed with some care to provide a
compromise between high signal, maximum signal-to-noise ratio, and
adequate bandwidth or high-frequency response. Such a compro-
mise design has been described by Barco.® IFrom our previous work
we know that the output signal voltage from the iconoscope will be
the product of the output current and R, or

E, « R, (6-57)

# A, A. Barco, “An Iconoscope Pre-Amplifier.”” RCA Review, IV, 1 (July
1939).
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On the other hand, the Johnson noise in the resistor—and we shall
consider this to be the predominant noise source in the circuit—is
proportional to the square root of R,, or

. ~ -
1'4 n o \/ lfa (6_08)
From these two relationships we sce that the signal-to-noise ratio

tends toward an optimum as I, is increased for

S ,’,‘,, g
el VR, (6-59)

Viewed from the bandwidth point of view, however, R, should be
as small as possible to minimize the shunting effeet of capacitance on
the high-frequency signal components. This consideration imposes
4 severe limit on the value of resistance. For example, for a shunt
capacitance of 25 uuf a value of 1270 ohms is required for R, to give
a 5-me half-power point.

By way of compromise two paths are available: (1) reduce the
shunt capacitance and (2) tolerate some frequency distortion and
compensate for it in later stages of the video amplifier. The meth-
ods of compensating video amplifiers are covered in Chapter 7. In
the circuit deseribed by Barco both methods are used.

Consider first the shunt capacitance present. This capacitance is
the sum of the cirenit strays, the preamplifier input capacitance, and
the iconoscope output capacitance. The first may be minimized by
careful wiring techniques. The last two may be reduced by using
degeneration in the associated circuits, for example, the first pr
amplifier stage is made a cathode follower. While the operation of
this circuit is well known, we shall review it to show how a similar
circuit may be applied to the iconoscope proper.

The cathode follower is a stage operated with its plate at a-c
ground potential, the output being developed across a load resistor
between cathode and ground. The basic circuit is shown in Fig.
6-22a. We may solve for the input admittance of the stage. Thus

It'n
Yi =3 (6-60)
For the input circuit
o | g 4 1R = E (6-61)
Jngk

Generally, L.<<I,
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Cin=Cgk NEGLECTING
MILLER EFFECT

(b)

Fig. 6-22.  Cathode degeneration may be used to reduce the input
capacitance of the stage.

hence (6-61) may be simplified to

Lo Lk - E (6-62)
ij”k
By inspeetion, E,=FE — LRx (6-63)

and from the equivalent plate cireuit of Fig. 6-22b
LE, _ w(E ~ IRx)
r, + Rk rp + Rx
hence _ 2 ~ _ HE -
whenee I, = M (Lt Re = ro+ akte (6-65)

where p >> 1. Combination of eqgs. (6-60), (6-61), and (6-65)
yields

I, = (6-64)

ijrlk

Yi" B 1 + .(]mlfl\'

(6-66)

A conventional grounded cathode stage is diagrammed in Fig.
6-22c. If the Miller effect be neglected, the input capacitance will
be simply C,.. It can therefore be seen that the degencration pro-
vided by the eathode resistor Rx in the cathode follower eireuit effec-
tively reduces the input capacitance of the stage by the factor
1/Q0 + g.Rx).

Let us consider the physical significance of this reduction in capac-
ity.  Cu is the actual interelectrode eapacitance between the grid
and cathode. In the conventional stage the cathode is grounded
and Cy appears directly across the input terminals; hence €, and
the input capacitance are one and the same.  In the cathode follower
cireuit the cathode is above ground by the IRk drop. (', is no longer
direetly across the input terminals and the effective input capacitance
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is determined by the magnitude of I;,, as shown in eq. (6-60). In
the degenerative circuit, when a voltage is applied to the input,
E, = E — IRx is the voltage appearing across the circuit capacitance
Cor. The smaller condenser voltage gives a smaller input current
with a corresponding reduction in effective capacitance appearing
between the input terminals.

This idea may Dbe restated in a slightly different manner. In
Fig. 6-22¢ an applied voltage E causes a current jwCyiE to flow. In
ij,,/.-E
1+ gulix
The lower current in the second case is the result of E being bucked
by IRk and gives a lower effective input capacitance. We shall
see presently that this same idea may be applied to the iconoscope

itself.

Two other points must be mentioned in connection with the cath-
ode follower input stage. Iirst, in order to hold the tube noise to a
minimum a triode-connected tube is used. It has previously been
pointed out that the triode has no partition noise and consequently
has less noise than an equivalent pentode. Since a high ¢, tends to
reduce tube noise, it is customary to use a high-¢,, tube, such as the
6AC7, but triode-connected, 1.e., with both the screen and plate at
a-c¢ ground potential.

The second point has to do with the biasing of the cathode follower
stage. Generally Rx will be of such a value that the d-c drop across
it is greater than the rated bias for the tube in use. This is overcome
by connecting the grid return resistor to a tap on Ry rather than to
ground. By proper adjustment of the tap the d-¢ cathode-to-tap
voltage may be set equal to the required bias. Tapping of Ry for
bias adjustent is shown in Fig. 6-23a. Notice that this tap has
no effect on the input capacitance; it will, however, change the con-
ductive component of the input admittance.

We shall now determine how the same sort of treatment may be
used to reduce the iconoscope output eapacitance. In general, this
capacitance will consist of two components, one within the tube be-
tween the signal plate and collector and another one which is the
capacitance between the signal plate and the grounded shield which
surrounds the camera tube and the entire video preamplifier chain.
This latter external component may be reduced in a manner similar
to that just deseribed. As shown in Fig. 6-23b, a shield composed

Fig. 6-22a the same applied voltage produces the current
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CASE SHIELD

(c)

Fig. 6-23. Reduction of the signal plate-to-ground eapacitanee.
(a) There is eapacitance between the signal plate and case shield.
(b) A second shield is placed between the iconoscope and the case
shield and is connected to the triode cathode. (e) The equivalent
cireuit of the triode input.

of fine wires is placed on the iconoscope. Since this shield lies be-
tween the grounded case shield and the signal plate, it now becomes
the determining factor in the output capacitance, i.e., the signal
plate to case-shield capacitance has been replaced by that between
signal plate and iconoscope shicld. If this iconoscope shield is con-
nected to the cathode as shown instead of to the ground, the effective
capacitance between signal plate and ground is reduced. This fol-
lows directly since the signal-plate to shicld capacity is in parallel
with C, and will be reduced by the same factor 1/(1 4 gnRk).

At the beginning of this section it was pointed out that two ap-
proaches to the compromise design could be used. We have con-
sidered means for reducing the shunt capacitance; now we must de-
termine how much loss in bandwidth can be tolerated at this point in
the cireuit. This will determine the maximum permissible value of
R,. Barco has recommended a value in the vicinity of 300 kilohms.
This gives a reasonable signal-to-noise ratio and at the same time
maintains sufficient high-frequeney response that subsequent video
compensation is able to give the required half-power bandwidth. A
good question at this point is: What is R, in Fig. 6 2367  Reeall that
R, is the output load resistance for the iconoscope. The output
current from the tube flows from signal plate to collector through
the external circuit. Thus R, is the total resistance between these
two points. Since the plate current of the first preamplifier tube
flows through Rs, which is part of K,, R, does not comprise a com-
pletely passive network. Its value may best be checked by solving
for the real part of the input admittance of the first preamplifier
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stage. The equivalent circuit, neglecting the shunt capacitance, is
given in Fig. 6-23c. Recalling that no grid current will flow hecause
the tube is biased negatively and assuming that I, < < I, we may
write
E = ILR; + IR, (6-67)

and E, = E — I,(R, 4+ R») (6-68)
For the plate circuit

I(Ry + Rs + 1) = pE, = p[E — I(R1 4+ R»)] (6-69)
whence I, = R foru>>1 (6-70)

' P uBi+ R + 1y g

Substitution of (6-70) into (6-6G7) gives
wER,

E = LRty + - - - 71
413 + #(1{1 + 1{2) + p (6 7 )

, C_ A gk ]_L R

and, finally, G = R [l ¥ oonks + R | = R, (6-72)

Evaluation of this equation gives an effective R, lying between
200,000 and 300,000 ohms. It is interesting to note how the flow of
plate current through R, raises the effective contribution of this re-
sistance to R,.

Actually (6-72) gives a value of coupling resistance which is
slightly high because some shunt resistive network is required be-
tween signal plate and ground to permit injection of the shading sig-
nals. As deseribed in the last section, this shunt network has a
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Fig. 6-24. The complete iconoscope output coupling network.
The output voltage is between cathode and ground.
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value in excess of 5 megohms and percentagewise will lower the cal-
culated value of R, only slightly. This network is included in the
complete coupling network of Fig. 6-24.

Reference to this figure will show that the iconoscope collector is
at the same d-¢ potential as the first preamplificr cathode. It has
been found experimentally that the shading is more satisfactory if
the collector is at a slightly positive d-¢ potential with respeet to the
signal plate. It may be scen from the diagram that this potential
difference is provided by the d-¢ IR drop across I2,.  The 1-megohm
resistor and 0.5-uf condenser comprise a filter for this voltage and
ensure that the collector is at a-¢ ground potential. The 100-ohm
resistor in series with the first preamplifier grid is used to suppress
high-frequency parasitic oscillations.

6-15. Bias Lighting

In the actual use of an iconoscope as a television pickup tube a
number of techniques are used which are the rvesult of experience and
not of theoretical considerations. One such technique involves the
use of “bias-lighting’” or “back-lighting,” which affords an appre-
ciable increase in the sensitivity of the tube. In its usual form back-
lighting is provided by a number, say 4 to 6, of small incandescent
lamps of the flashlight type driven from a d-¢ source. Means are
provided to control the exciting current through them and they are
physically arranged to illuminate the signal plate and walls of the
iconoscope envelope in back of the mosaic. (‘are must be taken so
that they do not contaminate the picture by shining on the photo-
sensitive surface of the mosaic itself.

Although the mechanism by which this off-mosaic lighting in-
creases sensitivity is not clearly understood, a probable explanation
presumes that some of the cesium is deposited on the interior walls
of the iconoscope envelope during the mosaic activation process.
Apparently back-lighting prevents the building up of negative charge
on these walls by causing electrons to be released from them. This,
in turn, permits a better transfer of mosaic secondary electrons from
the mosaic to the collector with a corresponding increase in the uti-
lization of the stored information.

A second practical consideration in the use of the iconoscope re-
quires that the entire surface of the mosaie, rather than only a large
portion of it, he scanned by the electron beam. Aside from the
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obvious fact that underscanning produeces an undersized picture, it
can also introduce electrical difficulties. The unseanned portions of
the mosaic tend to build up a negative charge resulting from the
excess secondaries arriving there. This charge tends to leak over

into the active mosaic area and cause a bloom which contaminates

the picture information.

6-16. D-C Insertion

We have seen in a previous section that the iconoscope output

lacks a fixed black level and back-
ground information. The importance
of this fact is apparent from the fol-
lowing example, illustrated in Fig.
6-25, where the given object produces
the same output voltage swing regard-
less of whether it is televised in hroad
daylight or in the shadow. In the
diagram the contrast range between
the spot and background is constant.
At a the lighting is such that the
background is black, whereas at b a
50 per cent gray background is pres-
ent. The swing or contrast range in
each case is the same but the average
value locates the over-all position on
the gray scale. At ¢ the iconoscope
signal has a zero average value and
the position on the gray scale is lost.

It should be apparent that the sig-
nal at ¢ could be converted to that of
either ¢ or b by adding the appropri-
ate d-¢ or average value. If this is
done, the black level will be reestab-
lished at a certain fixed value. In
actual practice the process is worked
in reverse order; the black level is
fixed at a definite d-¢ value, thus
‘ausing the average component to he
reinserted.

BLACK . —
B |_| AVERAGE
50% GRAY |
wHiTE L
(a) E
TEsa
i N TR O —
BLACK i
50% GRAY |
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(b) t
[o] ?
| ]
' (c)
Fig. 6-25. Contrast level is

maintained but background level
is lost in the iconoscope output.
(a) The output signal corre-
sponding to a 50 per cent gray
bar on a black background. (b)
The output signal corresponding
to a white bar on a 50 per cent
gray background. (e) Both sig-
nals produece the same a-c output
signal.  The average value is re-
duced to zero.
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Fig. 6-26. The d-c insert circuit. Black level is set by adjusting
the bias on V;. (a) Basic circuit. (b) Signal input to V;. The
average value is zero. (c) Blanking input to V.. (d) Input to Vi.
(e) Output voltage across R;.
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We have seen previously that no picture information is presented
to the ultimate cathode-ray tube during the flyback or retrace inter-
vals of the scan. To meet this condition we must make shift to
ensure that the signal voltage is at black level during these intervals.
This may be accomplished with the circuit of Figure 6-26. The
amplified black-positive iconoscope signal is fed to the control grid
of Vy and will appear amplified and inverted across By. Simultane-
ously a positive-going blanking signal is applied to the grid of V..
Since R; is the common load resistance for both tubes, the combined
output across it will appear as at d in the diagram. Notice that the
combined signal is foreed in the negative direction during the blank-
ing intervals. Any portion of the blanking interval signal may be
forced below the cutoff level of V; by adjustment of the latter’s bias.
This cutoff level then becomes the black level for the output signal.
Control of the bias sets the clip level, which becomes the established
black level of the signal that must always correspond to the blanking
intervals. ‘“Pedestal” is the name given to this blanking interval
black level.

It is immediately apparent that whatever agency sets the bias of
V3 must know the background level of the original scene. Hence
the bias may be set by an operator who has the original scene under
view. Alternatively a phototube may be used to view the scene and
to automatically control the bias. Since it functions without scan-
ning, this phototube responds to the average illumination; its control
will be proportional to the average scene brightness.

Figure 6-26a shows the output of V; capacitively coupled to the
following amplifier chain. It appears, therefore, that the d-c¢ insert
is probably of no avail since the coupling condenser will remove the
d-c¢ component just inserted. This subsequent loss of average value
is not serious. Throughout the remaining portions of the signal
channel the pedestal is recognized as black level, and clamping cir-
cuits of the type described in Chapter 7 and section 13-9 may be used
to keep successive pedestals at the same voltage level, thereby rein-
serting the requisite average value. The function of the circuit of
Fig. 6-26 is to establish for once and all the position of the pedestal
relative to, say, a maximum white signal.

6-17. Keystone Correction

Little has been said about the sweep circuits associated with the
iconoscope, except that magnetic deflection is used. From the work
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of Chapters 3 and 4 we know that a saw-tooth deflection current is
required and we have seen the type of circuit required to produce
this current. An interesting variation of the usual sweep current is
required for the commercial types of the iconoscope, however, be-
cause of the eccentric position of the electron gun with respect to the
mosaic. As shown in Fig. 6-11 the gun is mounted in an off-axis
position in order to provide a clear optical path between the window
and the mosaic. Consider the effect which this has on the raster if
the usual deflection currents are applied to the yoke. As the raster
is scanned vertically, the amplitude of horizontal angular deflection
remains constant. Since the gun is nearer the bottom than the top

ELECTRON Rgre
S GUN

Fig. 6-27. Constant angular deflection produces a keystone-
shaped raster on the mosaic because of the eceentrie position of the
electron gun.

of the mosaie, the horizontal lines will be narrower at the bottom
than at the top, and the raster will be of keystone, rather than of the
required rectangular, shape as shown in Fig. 6-27. This results in
an intolerable situation for the over-all television system. Only the
keystone portion of the mosaic is scanned and at the final kinescope
this region is stretched into the conventional rectangle causing dis-
tortion of the viewed image.

To remedy this fault means must be devised so that the scanning
signals applied to the iconoscope yoke produce a scan pattern of con-
stant width on the mosaie, rather than of constant angular deflection.
By way of review it should be recalled that the standard direction of
scan requires that the mosaic be scanned from bottom to top and
from right to left because the optical lens system inverts the image
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on the mosaic. Thus the correction must be such that the angular
horizontal scan decreases as the scan progresses along the field.  This
may be accomplished by causing the amplitude of the horizontal
deflection current to decrease as indicated in Fig. 6-28a.

(a) (p)

[ig. 6-28. Kevstone cerreetion.  (a) Line and field defleetion
currents for kevstone correetion, (b} Simple form of keystone cor-
reetion cireuit.

A simple form of a keystone correction cireuit® is shown at b in the
diagram.  Since the required change in amplitude in 7, is in phase
with 7,, the latter is used to develop a variable bias on the grid of V.
The resulting output across I2; consists of the horizontal wave modu-
lated at field frequency plus a spurious field frequency component
resulting from the change in bias. This latter component is can-
celed out by returning the grid of 17 to the same source of variable
bias. The two field frequency components appearing at 1% are in
phase opposition and may be made to cancel out. The current out-
put of Vs, then, is of the required form to correct for the keystone
pattern.  Similar results may be obtained with a balanced modulator.

It may be seen from Fig. 6-27 that the electron gun of the icono-
scope should be aimed at a point below the center of the mosaie if
equiangular vertical deflection above and below the mosaic center is
to be used. Proper gun location is handled during the manufacture
of the tube.

If more than one iconoscope is used in a television studio, it is
common practice to generate the sweep signals for all the cameras at

32 R. D. Kell, A. V. Bedford, and M. A. Trainer, “An Experimental Television
System—The Transmitter.” Proc. IRE, 22, 11 (November 1934).
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a common point.  This master sweep generator provides the neces-
sary keystone correction cireuits, and the corrected sweep signals are
fed by cable to the several cameras.  This use of a common sweep
generator may give rise to an odd situation where the cameras are
used for televising different media.  Say, for example, that camera
1 is used for televising live talent on the studio floor and camera 2 is
used for film pickup. In this ease, inspection of the cameras would
show the iconoscope of camera 1 mounted with the electron gun
down, while the second iconoscope would be mounted upside down,
1.e., with the clectron gun up.  The reason for this anomalous situa-
tion is apparent when it is remembered that a film projector throws
an upright rather than an inverted image on the mosaic. If, then,
camera 2 used a “right-side up’” iconoscope, it would have to be
scanned in the reverse direction from camera 1 and a separate key-
stone correction generator would be required. The need for this
additional correction circuit is eliminated by the simple expedient of
mounting one of the iconoscopes in an inverted position.

6-18. An Appraisal

We shall briefly summanrize the characteristies of the iconoscope in
order to evaluate its position in the television industry. Foremost
of its characteristics is its ability to store or integrate picture informa-
tion over an entire frame interval. Undesirable effects within the
tube reduce the actual output down to only 5 to 10 per cent of its
theoretical value, but this actual output represents a tremendous
gain over that obtained with the instantancous type pickup tubes.

A second undesirable effect due to a quasi-random distribution of
the excess secondary electrons on the mosaic is the generation of a
spurious signal component, the dark spot. This may be canceled
out with suitable voltages. Since the position and shape of the dark
spot change in time a monitoring operator is required to make corre-
sponding changes in the compensating shading voltages.

The color response of the iconoscope does not match that of the
average eye. (‘onsiderable control of the color response is available
during manufacture when the mosaic is being activated. To eoun-
terbalance the color response, a technique of lighting and make-up
has evolved which give satisfactory results for studio work.

Over a period of years operating experience has shown that in tele-
vising the usual range of subjects a scene illuminance of 1000 to 2000
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foot-candles is required. The general feeling among live talent at
least is that this relatively high level of illuminance when provided
by arc or incandescent lamps makes the television studio uncomfort-
ably hot. Our previous work has shown that the mosaic illumi-
nance may be increased by using a bigger aperture or f number on
the pickup lens. This will generally permit lowering the scene illu-
minance to well below the 1000 foot-candle level, but the depth of
field suffers as a consequence.®® Some idea of the typical lighting
levels required for good operation of the iconoscope may be had from
the fact that direct illuminance by sunlight on a summer day is in
the order of scme 9000 foot-candles.

The Illuminating Engincering Society has recommended the fol-
lowing light levels for gymnasiums:

Games with spectators—30 foot-candles™

General assemblies and dancing—>5 foot-candles

Taking these figures as typical of the illumination available at remote
indoor pickup sites we can see that the iconoscope will give relatively
poor results and has been largely superseded by the image orthicon
for this type of service.

Probably the greatest single feature of the iconoscope in comparison
with the other camera tubes to be deseribed is that it has excellent
resolution and delivers pictures of high quality. This is possible
because the l-kilovolt second anode potential permits extremely
sharp focusing of the scanning beam. We have already scen that the
resolution is determined by the beam diameter rather than by the
smaller subelementary globules which make up the mosaic. As a
result of the need for high illuminance, the iconoscope has been largely
relegated to film and slide pickup but it still is capable of the highest
resolution of all the camera tubes discussed in this chapter.

The last feature of the iconoscope which we wish to consider is the
effect of its almost logarithmic output-illumination characteristic.
To do this we must examine both ends of the television system.
Ideally the pickup end should have a lincar voltage-illumination
characteristic and the output end a linear intensity-voltage relation-
ship. These ideal characteristics would provide a one-to-one rela-

33 The subject of depth of field is handled analytically by 1. Tams, G. A,
Morton, and V. K. Zworykin, “The Image Iconoscope.” Proc. IRE, 27, 9
(September 1939).

31 General Electric News Digest, January—February 1949.
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tionship between original scene brightness and reproduced image
intensity.

Over a wide range of control grid voltage the typical kinescope is
lincar in light output. It follows, therefore, that the logarithmic
response of the iconoscope prevents the desived one-to-one light
relationship, giving some compression in the picture highlights. It is
fortunate, however, that the cve responds logarithmically to the
sensation of light. Thus, as long as the system provides the same
ratio of extreme light levels that is present in the original scene the
contrast range is satisfactory to the human eve and the highlight
compression is not too serious.

Historically then, if one may refer to a decade as history, the
iconoscope pointed the way to two main types of camera-tube de-
velopment. Research has been directed to the development of tubes
with greater sensitivity and better linearity. A tube which showed
improvement in these features would at once provide greater flexi-
bility than the iconoscope, which has remained an outstanding mile-
stone in the development of television.

6-19. The Image Iconoscope®

One of the means of increasing camera-tube sensitivity is to use
secondary-emission image intensification, a principle used in the
image iconoscope which was announced at the Annual Convention of
the Institute of Radio Engineers in 1939. This tube found little use
in commercial practice but did serve as an important stepping stone
in the development of the later tube types. We shall consider it
chiefly as an illustration of the principle of image intensification.

As shown in Tig. 6-29, the image iconoscope differs from the
iconoscope in two main respeets: the mosaic is not photosensitized,
and a semitransparent photocathode is included. In operation an
optical image is focused on the photocathode which emits a corre-
sponding cleetron image in a manner similar to that previously
described for the image dissector. Under the action of the axial
magnetic field and the eleetrie field present this electron image is
accelerated toward the mosaic. The image electrons arrive at the
mosaic with sufficient velocity to produce secondary emission from
the subelementary islands.  Thus picture information is stored in the
form of charge in the mosaic-to-signal plate capacitance just as it is in

3 11, Tams, G. A. Morton, and V. K. Zworykin, op. cit.
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Fig. 6-29.  The image iconoscope.

the iconoscope. The difference is that in the latter case the stored
charge is the result of photoemission resulting from the incident
optical image, whereas in the image iconoscope it is caused by the
secondary emission due to the incident electron image. The output
is developed when the stored charge is released by the action of the
scanning beam moving across the mosaic.

The image iconoscope provides a sensitivity 6 to 10 times that of
the iconoscope, the gain being the result of the following factors.

(1) The photocathode is more efficient as a photoemitter than a
photosensitive mosaie. Typical values of luminous sensitivity which
may be obtained are 20 to 50 ua/lumen, the higher values correspond-
ing to those surfaces which are rich in infrared response.

(2) A high electrice field intensity exists at the photocathode surface
which permits saturated photoemission. This is in contrast to the
condition in the iconoscope where only about 20 to 30 per cent of the
photoelectrons are drawn away from the mosaic.

(3) The mosaic has a high secondary emission ratio, ranging from
3 to 11, thus the stored charge is r times as great as the charge leaving
the photocathode, 7 being the secondary emission ratio. An added
advantage is that the photocathode is close to the optical window
in the tube envelope. This permits the use of a short focal length lens.

On the other side of the ledger, the image iconoscope is more
expensive and requires more auxiliary equipment and more adjust-
ments. Since the output is developed by seanning the mosaie with a
high velocity electron beam the dark spot is still present, although to
a lesser degree than in the iconoscope. Both tubes have approxi-
mately the same resolution.
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THE ORTHICON?®

In both the iconoscope and image iconoscope the mosaic is scanned
by high-velocity beam electrons which produce secondary emission
at the mosaic surface. One deleterious effect of the secondary emis-
sion is the production of a spurious signal, the dark spot. If the
scanning beam velocity be reduced sufficiently, the secondary emis-
sion may be eliminated and the dark spot with it. If this scheme is
to be utilized in a camera tube, some mechanism other than that of
the iconoscope must be found to generate the output current. We
consider next the question of low-velocity scanning and how it may be
used in a television camera tube.

6-20. Low-velocity-electron Scanning

In the tube shown in Fig. 6-30 a low value of accelerating voltage,
25 volts, is used. Further, the mosaic is considerably farther away
from the electron gun than is the collector electrode. As a result of

OPTICAL

LIGHT

MOSAIC

I |
2|5\l/ _L

Fig. 6-30. The basic low-velocity eleetron-heam camera tube.

this configuration the beam electrons are accelerated as they move
toward the collector and then decelerated as they move past it.
Notice that an equilibrium condition will set in here which is quite
different from that described for the iconoscope. When the device is
first turned on, the mosaic will be at ground potential, i.e., +25 volts
relative to the electron gun cathode and the beam electrons will strike
the mosaic. Since their velocity is too low to produce secondary
emission, these primary electrons will remain on the mosaic which

36 A, Rose, and H. Iams, “The Orthicon, a Television Pick-Up Tube.” RCA
Review, IV, 2 (October 1939).
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gradually swings negatively relative to ground. When the mosaic
and cathode potentials are approximately equal, the mosaic will repel
the heam electrons, which will then rveverse dirvection and return to the
collector.

Let a light image be focused on the mosaic. Photoemission pro-
portional to the illumination will take place. Since the mosaic is
negative with respeet to the collector, all the photoelectrons ave pulled
away to the collector and the photoemissive process is saturated.
TFurthermore there will be no dark-spot distribution on the mosaic
and the image will be retained as stored charge in the mosaie-to-
signal plate capacitance. Consider a small element of mosaic whose
voltage is positive relative to its equilibrium value. Instead of
repelling the seamning beam as the latter approaches that element
position in the raster, it will attract just enough of the beam electrons
to restore itself to equilibrium potential. The resulting change of
charge produces an output current through ..

In a tube which is to utilize this principle of operation, it is of
great importance to have the scanning beam approach the mosaic at
right angles because the mosaie ean only repel the normal component
of the beam clectron velocity. Hence if the heam is inclined to the
mosaic, it tends to glance off the mosaic. This will cause the beam
shape to vary with the point of impact. Furthermore, the repelling
voltage necessary to prevent the beam from landing is determined
only by the normal component of the beam velocity. Therefore the
glancing beam would charge different points of the mosaic to different
potentials, a condition which would result in the generation of a

ELECTRON GUN D[PFLECTION DEF%‘OCTION
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Fig. 6-31.  Schematic diagram of the orthicon tube.
(Courtesy of RCA Rerview.)
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spurious signal not unlike the dark spot. A second major problem
in the proposed tube is to provide a sufficiently large beam current
in the narrow scanning beam as it slows down near the mosaic.
Obviously the first condition cannot be met by the tube of Fig. 6-30
if conventional scanning means are employed; it is met, however, in
the orthicon tube shown in Fig. 6-31.

6-21. The Deflection System

The horizontal deflection system in the orthicon is composed of an
axial magnetic field furnished by a long focus coil and an electrie field
normal to the tube axis. Neither field affects the axial component
of the electron velocity, »,, which will remain constant. Although
the motion of an electron in these crossed fields may be derived
analytically, let us approach the question from a physical point of
view. Thus in Fig. 6-32a an enlarged view of the deflection plates

— > H ——————
S (b) Vy Vi i
DEFLECTION PLATE o
B NO‘_DEFLECTION
Vo A YT N
C—=~s

— Vy
Vv,
LOWER (a) (c) Vi ?70—
DEFLECTION PLATE / v 1z

Fig. 6-32. llorizontal defiection in the orthicon.  (a) Deflection
with crossed electric and magnetie fields.  # is due to the focus coil
and is parallel to the direction of r,. (b) Electron velocities at the
point A. (e) Eleetron velocities at the point B.

may be seen. The upper plate is assumed to be positive with respect
to the lower plate. Consider the forees on an clectron as it enters the
electrostatic field at point A with an axial velocity v,.  Since the elec-
tron is moving parallel to the magnetic field, the latter will have no
effect on the electron motion. The electrostatic field, on the other
hand, attracts the electron upward, giving it a vertical component
of veloeity v,. The resultant velocity will be the vector sum, v,
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shown at b in the diagram. The electron now has a component of
motion cutting across the lines of magnetic flux.  Use of the left-hand
rule (remember current and electron motion are in opposite direc-
tions) shows that at a nearby point 3 the electron will have a hori-
zontal component of velocity ». This added to the corresponding v,
and », gives the resultant velocity shown at ¢ in the figure. 1If this
argument be carried out point by point, it will be seen that the elec-
tron follows a cycloidal motion in moving from left to right through
the electric field deflection plates. At each cusp on the cycloidal
path (the points labeled C in Fig. 6-32a) the horizontal velocity
component is zero; hence if adjustments can be made so that the
electron emerges from between the deflection plates just as it reaches
a cusp, it will emerge with zero horizontal velocity, 7.c., it will once
again be moving perpendicular to the mosaic. The net effect of
the horizontal deflection system is to cause the electron to suffer a
lateral displacement & without affecting its velocity in magnitude or
direction. & is proportional to the clectric field and the time of flight
from one edge of the plates to the other, and inversely proportional to
the magnetic field intensity, H.

It may be observed that as the amplitude of the cycloids is reduced,
so is the horizontal velocity component at any point along the cycloid.
If this amplitude were made very small, the location of a cusp at the
point of emergence would be less critical, a necessary condition be-
cause the electric field varies in time. To this end the deflection

Fig. 6 33. The horizontal deflection plates of the type 1840
orthicon. The plates are flared to reduce the amplitude of the ey-
cloidal motion of the eleetron as it leaves the plates.
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plates actually used flare outward toward both edges. This produces
an electrie field which weakens as the plates flare out and the desired
reduction in cycloid amplitude results. Figure 6-33 shows the hori-
zontal deflection plates from a type 1840 orthicon tube.

We have already noted that §, the lateral displacement, is pro-
portional to the electric field intensity or deflection voltage; hence a
horizontal saw-tooth deflection may be produced by applying the
usual saw-tooth voltage associated with electrostatic deflection to the
deflection plates. It is significant to notice, however, that in contrast
to the simple electrostatic case the deflection is normal to the direction
of the electric field, a result which is produced by the presence of the
axial magnetic field. Also note that lateral motion of the beam can oc-
cur only when the beam is between the plates. Therefore the plates
must be at least as wide as the desired raster width on the mosaic.

Figure 6-31 shows that the vertical deflection, a low-frequency
phenomenon, is accomplished with a magnetic yoke. Once again the
axial magnetic field modifies the deflection that would be obtained
with the yoke alone as described in Chapter 3. Its net effect is to
produce a deflection parallel, rather than perpendicular, to the deflect-
ing magnetomotive force. Actually the path of the electrons when
they are in the region of the crossed magnetic fields is helical. For
small deflections the amplitude of the helix is small and the system
may be considered to translate the electron beam vertically without
adding any new components to its velocity. Again, the vertical
translation only occurs within the crossed-field region; hence, the
vertical deflection yoke must be at least as high as the mosaic. As
shown in Fig. 6-31, it is convenient to place this yoke around the
exterior of the orthicon envelope. Saw-tooth current in the vertical
deflection yoke produces the required vertical deflection.

By way of summary we note that the horizontal and vertical deflec-
tion systems just described do meet the requirement of delivering the
scanning beam always in a direction normal to the mosaie.

6-929. Characteristics

Once again consider the action that takes place within the orthicon.
Saturated photoemission charges the regions of the mosaic positively.
A low-velocity scanning beam is repelled by the dark, unilluminated
regions of the mosaic. This means that black always corresponds to
zero output volts, 7.e., the orthicon has a fixed black level.
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As the low-velocity beam scans across a mosaic element which has
lost photoelectrons, a number of beam electrons just equal to the
number of photoelectrons lost during the storage interval are at-
tracted to that element. Thus the ditference between beam and
collector currents is the charging current. This, in turn, is identical
to the output current of the tube. The output current will be maxi-
mum from those elements which have emitted the greatest number of
photoelectrons; hence the orthicon delivers a white-positive output.

Since no secondary emission oceurs at the mosaie, no dark spot is
present, and none of the stored charge is neutralized by a shower of
excess secondary electrons. Furthermore saturated photoemission
takes place; hence, compared to the iconoscope the orthicon has the
same expression for output current, except that u, the storage ef-
ficiency factor, is very nearly 100 per cent. Thus the orthicon has
roughly 20 times the sensitivity of the iconoscope.

In addition a linear relationship between electrical output and
light input is obtained with the orthicon. It is this straight-line
characteristic which gives the tube its name (ortho—straight, icono-
scope—image viewer). Orthicon is the accepted abbreviation of the
full name orthiconoscope.

In this connection it might be well to define the term ‘“‘gamma,”
which has been carried over into television practice from the photo-
graphic industry. Our remarks will be confined to the v of the
electrical system only. The output-input characteristics of several
of the common transducers are power-law curves and have the general
form

Output = K(Input) (6-73)
Thus v is defined as the exponent in (6-73). Taking logs of both
sides of the equation we get

log (Out) = log K + v log (In) (6-74)

which is the equation of a straight line of slope v. « for any device
may be obtained, therefore, by plotting the output-input charac-
teristic of the device on log-log paper.

The orthicon, being a linear device, has a v of unity. Contrast
this with the iconoscope, which has a v of approximately unity for low
levels of illumination but changes from power to logarithmic law
over a wide range of illumination.

It is of interest to compare a typical orthicon, type 1840, and an
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iconoscope, type 1850. The former is more sensitive but tends to
give best operation at medium light levels. The iconoscope is more
satisfactory at high levels and is capable of greater resolution. The
1840 is superior to the 1850 in its ability to reproduce the full length
of the gray scale. The orthicon saw little use in television because ol
curtailed televising during the war years. It was superseded in 1946
by the more sensitive image orthicon.

THE IMAGE ORTHICON®¥

At their Annual Convention in New York in 1946 the members of
the Institute of RRadio Engineers observed a demonstration of a new
type of camera tube whose sensitivity was great enough to permit
televising a subject illuminated only by the light from a single
candle. This supersensitive tube, the image orthicon, derived its
extreme sensitivity by combining the best features of the several
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Fig. 6-34. Schematie diagram of the image orthicon tube.  (Cour-
tesy of Proc. IRE.)

camera tubes which we have studied. It incorporates the storage
principle of the iconoscope and low-velocity beam scanning of the
orthicon. It utilizes the electron image intensification of the image
iconoscope, and derives further gain by adding an electron multiplier
similar in principle to that described for the image dissector. In

37 A. Rose, P. K. Weimer, and I1. B. Law, “The Image Orthicon—A Sensitive
Television Pickup Tube.” Proc. IRE, 14, 7 (July 1946). See also, R. B. Jancs,

R. E. Johnson, and R. R. Handel, “Producing the 5820 Image Orthicon.” Elec-
tronics, 23, 6 (June 1950).
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Fig. 6-35. The image orthicon tube. The five dynodes of the
clectron multiplier may be identified at the upper end of the tube.
(Courtesy of Radio Corporation of America.)

physical form the image orthicon resembles an orthicon to which has
been added an image intensifier section and an electron multiplier; it
is shown in Figs. 6-34 and 6-35. Operation and construction of the
tube may best be considered in three separate sections: the image
intensifier, the target and scanning section, and the electron multi-
plier. We next consider these in order.

6-23. The Image Intensifier Section

The operation here is quite similar to that described for the image
iconoscope. At the optical window end of the tube envelope is
located a semitransparent photocathode, whose surface is held at
—600 v relative to a mosaic target which is described in the next
section. The electric field at the photocathode is favorable and
saturated photoemission takes place from cach element, the emission
being proportional the illumihance. These photoelectrons, which
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form a complete electron image of the scene are focused by the axial
magnetic field onto the mosaic target. The image electrons arrive
with sufficient velocity to produce secondary emission. The emitted
secondaries are collected by a fine wire mesh which is held at one volt
positive relative to the equilibrium potential of the target. With
normal operating voltages, the secondary emission ratio, r, of the
target is greater than unity. Thus a single incident image electron
releases r secondary electrons. As will be shown, the target stores
information in the form of charge over the interval between successive
scans, 7. Thus per element, the photocurrent is given by eq. (6-39).
This is intensified or increased by the factor r at the target and the
charge stored during = will be

q = rsaKkr (6-75)

where it is assumed that the time to release the stored charge, 7., is a
negligibly small fraction of 7. This was shown in reference to (6-54).
The factor » combined with the higher photoemission obtained gives
roughly five times the stored charge obtained in the iconoscope.

Mention must be made of the screen which collects the secondary
electrons released from the mosaic target. It will be realized that
this mesh lies between the target and the photocathode, consequently
if it is not to cast an electron image shadow on the target it must have
a very fine structure which is largely open space. To this end special
techniques have been developed which yield sereens with 500 to 1000
mesh per linear inch and which are 50 to 75 per cent open space!
These screens are so fine that they cast negligible shadow and permit
the generation of high-resolution pictures.

6-24. The Target and Scanning Section

Reference to Fig. 6-34 shows that the electron gun and scanning
system is similar to that of the orthicon, except that the horizontal
deflection plates have been replaced by an additional winding in the
deflection yoke. Thus both horizontal and vertical deflections are
produced by magnetic deflection fields which are at right angles to
the axial magnetic ficld.

It may also be seen from the diagram that as the scanning beam
approaches the rear surface of the mosaic target, it is decelerated by
an annular ring which is held at the same potential as the cathode of
the electron gun (0 volts). ¥From our experience with the orthicon,
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we see that low-velocity beam scanning occurs and that the equi-
librium potential of this rear target surface is zero volts.

Before considering the electrical action which occurs as the low-
velocity beam scans the vear of the mosaic target we must investigate
the structure of this latter element. The mosaic in the image orthi-
con differs in operation from those previously discussed in that the
charge-storing emission does not oeccur from the surface which is
scanned by the electron beam. What is used is a two-sided mosaic.
This may be verified by reference to Fig. 6-34. Up to the present
in our discussion we have thought of a mosaic as a large number of
subelementary islands, each insulated from the others and each
having capacitance through a dicleetric to a rear signal plate. If,
now, a sheet of fairly low-resistivity glass is blown thin enough, its
resistance is extremely high laterally on the surface of the glass.
If charge is stored between the surfaces on a minute area of this
glass, that charge will not spread laterally over the surface but will
in time necutralize itself between the two surfaces. These are the
exact properties required for the two-sided mosaic target: the high
across-surface resistivity of the glass effectively provides the myriad
of insulated islands, the glass is a dielectric, and the comparatively
low intersurface resistivity allows charge between the surfaces to be
neutralized slowly, that is, during one frame interval. How these
characteristics apply in the operation of the image orthicon is de-
seribed below.

Actually three effects occur simultaneously at the two-sided target.
We describe them separately as a matter of convenience. The cycle
of operation in terms of voltage variation is shown in Fig. 6-36,
where the reference is the cathode of the scanning beam gun, which
is grounded. The secondary electron collecting screen or mesh is
held constant at +1 v. At a the clement of target, which is of the
same area as the scanning beam, has just been scanned on its scanned
or rear surface and has been restored to the equilibrium potential of
0 v. The front or secondary emission surface is also at ground
potential for reasons to be described at the end of the cycle. At b
secondary emission for an entire frame interval has driven the front
surface of the element to +1 v. Note that this is the maximum
positive value which it can attain because once its potential equals
that of the collecting mesh, any released secondary electrons will
return to the target rather than to the collector mesh. Notice further
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Fig, 6-36. Target potentials in the image orthicon. (a) Before
seanning and exposure.  (b) Before seanning and after exposure,
(e) After seanning.  (d) One frame later and before the next ex-
posure. (¢) Charging an insulated condenser. (After Rose,
Weimer, and Law.)

that since the rear and front surfaces are coupled to each other
through the interface capacitance, the rear surface will also rise to
+1 volt.  The mechanism behind this may become more clear if the
reader refers to Fig. 6-36c. A battery of e.m.f. 1 is connected to one
plate of an isolated condenser of capacitance C. The return path
from terminal 2 to the grounded battery terminal is the stray capaci-
tance to ground, C,. Since the two condensers form a series voltage
divider, the voltage drop from terminal 2 to ground will be

C
C+C,
but in general C. < < C, so that 1"y and V" are very nearly identical.
This shows why both sides of the element are at the same voltage as
shown at b in the diagram.

At ¢ the rear surface of the element has just been scanned by the
low-velocity beam. A sufficient number of electrons has been left
by the beam to restore that surface to its equilibrium value of 0 v.
At this instant the front surface of the element is charged positively
and the rear surface negatively. The voltage drop between the two
surfaces will be the stored picture charge divided by the interface
capacitance of the element. This voltage drop is small compared to
1 v. and accounts for the small positive voltage shown on the front
surface in the diagram. At d, this voltage has dropped to zero by
conduction through the glass during the frame interval.

Wn=1V"
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Remember, all these actions that have been described oceur simul-
taneously. Since the illuminance of the photocathode varies over
its surface, different elements of the target will be driven to dif-
ferent values of voltage between 0 and +1 v. Thus the number
of charge-neutralizing electrons removed from the scanning beam
varies in proportion to the illuminance and the change in returning
beam current is the output.

We may state these results analytically in the following manner.
As before, let 7, be the time required for the beam to sean one element.
Then the charging or output current is

In=1,—1.=% = mai = (6-76)
T, T
where I, is the beam current and I, is the collector current or current
returning from the mosaic. But /7, is the figure of merit and Ma
is the target arca wh. Therefore

1., = rsKwh. (6-77
6-25. The Electron Multiplier

The electrons in the scanning beam have been described as havinge
low velocity because they are almost at rest when they arrive at the
rear target surface. They nevertheless have sufficient velocity in
the body of the tube so that their transit time from gun to mosaic and
back to gun again is a small fraction of the horizontal and vertical
deflection cycles. Since this is true, on the return trip from the
mosaic the unaccepted beam electrons will retrace very nearly their
path toward the mosaic and will arrive very near to their original
point of departure in the electron gun. This fact is utilized in the
construction of the electron multiplier, which comprises a number of
annular dynodes that are mounted concentrically to and along the
length of the electron gun. The first, or collector, dynode, being near
to the aperture which emits the beam from the gun, collects the
returning, unaccepted beam electrons.  As these are passed on from
stage to stage, a current gain results by virtue of secondary emission
at each dynode surface.  Under normal operating conditions the five-
stage multiplier affords a current gain of some 200 to 500 times.
If = be the over-all multiplication ratio, the final output current of
the image orthicon becomes from eq. (6-77)

1, = mrsEwh (6-78)
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6-26. Noise

In its commercial form, such as the type 2P23, the image orthicon
provides a sensitivity 100 to 1000 times that available with the
iconoscope or orthicon tubes.  Inasmuch as eq. (6-78) shows that the
tube’s output is proportional to m one might forget the story of Midas
and ask why not inerease the number of multiplier stages for an even
more substantial inerease in output.  The answer lies in noise.

With the iconoscope the output current is so small that the shot
noise from the secanning beam is largely masked by the Johnson noise
in the coupling resistance, Z,. In the image orthicon on the other
hand, the beam shot noise is multiplied along with the signal current,
and shot noise may become a determining factor.  Because of this
the gain due to electron multiplication is of use only up to the point
where the amplified shot noise is of the same order of magnitude as
the resistance Johnson noise. Given the beam current of the tube
one may caleulate the maximum uscful value of m by the use of
egs. (6-24) and (6-26) and Ohm’s law.

6-927. Characteristics

From the cquation for output current (6-78) we see that the
relationship between output current and mosaic illuminance is linear
sust as it was in the orthicon tube. A review of the operating cycle
of the two-sided target will show, however, that this linear relation-
ship must break down when E reaches a sufficiently high value.  This
condition is reached when the voltage of a mosaic element becomes
equal to the voltage of the mesh collector.  For illumination levels
in excess of this value linearity is not maintained but the tube can still
deliver satisfactory pictures. An explanation has been proposed for
this anomaly.

Consider the typical output-input characteristic shown in Fig. 6-37.
In the range from A to B the output current is proportional to the
illuminance. This is the “ortho” range deseribed by eq. (6-78).
At B the illuminance is great cnough so that the whole target gets
charged up to the potential of the collecting mesh in one frame
interval. It would seem, therefore, that at or above B the whole
image would saturate, but as a practical matter this saturation does
not oceur as far as the final image is concerned.  In order to consider
the mechanism behind this condition let us say that a white bar on a
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Fig. 6-37. Signal versus light characteristic of the image orthicon.
(Courtesy of Proc. IRE.)

black background is being televised and that the average illumination
is in the BC range of Fig. 6-37. The charge over the whole mosaic
tends to saturate. Recall that the electron image from the photo-
cathode releases secondary electrons from the front surface of the
target. Some of these secondaries emitted from the region corre-
sponding to the white bar will have sufficiently low velocity that they
willreturn to adjacent areas on the target. The returning secondary
electrons decrease the voltage on these adjacent areas and the latter
deliver the required black signal when they are scanned. The re-
mainder of the target which does not receive the returning secondaries

oo LA

(a) ()

Fig. 6-38. Reproduction of a light spot at low and high spot bright-
ness. (Courtesy of Proc. IRE.)



262 CLOSED TELEVISION SYSTEMS [§6-27

remains saturated and delivers a white signal. This effect is shown
in Iig. 6-38, where the actual white spot on the black background is
reproduced as a white spot surrounded by a black “halo.””  The sur-
rounding background is white. The net effect is that contrast is
preserved in the vieinity of the highlight. In a normal picture with
fine detail the halo cannot be observed hecause of its small size; good
contrast is maintained except in large dark areas.

If the mosaie illuminance is raised above C in Fig. 6-37 the charac-
teristic becomes linear again.  This change in mode of operation is the
result of an effective inerease in element capacitanee that takes place
when the iHuminanee is sufficient to give the entirve target some charge
during a small portion of the frame interval.  This condition occurs
at C where the capacitance per clement exceeds the value given by
the total target capacitance divided by the figure of merit. Once
this larger capacitance comes into play, the output rises linearly until
a saturation of charge determined by the new capacitance value sets
in. This last condition occurs at D.

We see, therefore, that at low light levels the image orthicon is a
linear device. At high levels of illuminance the contrast is main-
tained by the effect of secondary clectrons released from the electron
image side of the target and is substantially independent of the over-
all scene brightness. These characteristics combine to make the
image orthicon satisfactory for operation over a wide range of illumi-
nance and make it the most flexible of all the camera tubes covered
in this chapter.

In contrast to the orthicon, the image orthicon requires shading.
The need for this i1s caused by the low-velocity secondary electrons
which, after being released from the target’s tfront surface, return
in a semirandom shower 1o that same surface. It has been deter-
mined that a single shading voltage, a saw tooth at line frequency,
provides satisfactory compensation for the resulting dark spot.  This
compensating voltage is usually applied across a tap on the grid
return resistance of one of the video amplifiers in the same manner
as that deseribed for the iconoscope.

Considerable care is required in operating the image orthicon tube
to prevent damage to the target.  Operating instructions for the tube
are available from the manufacturer.®

38 For example, Tips on the Use of Image Orthicons, RCA Tube Department,
1949,
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6-28. The Image Orthicon Preamplifier

It is interesting to contrast the design problems of the preamplifiers
for the iconoscope and image orthicon camera tubes. In the former
the output current from the tube is low; hence a relatively large
coupling resistance is required to provide an output voltage amplitude
which is adequate. To complicate the design problem, the shunt
capacitance across R, is inherently large, and the larger the value of
R., the greater is the shunting effect of the capacitance on the high-
frequency signal components. A compromise must therefore be made
in the choice of R, to balance the requirements of signal amplitude and
high-frequency response.  Since the limitation on the maximum value
of R, can be eased by decreasing the shunt capacitance, considerable
effort is expended to reduce the capacitance by special techniques.
At best, these reduce the capacitance to roughly 8 puf and the compro-
mise is effected by using an R, of 300 kilohms. Iiven this com-
promise value leaves something to be desired in the output voltage
amplitude, and high-frequency peaking is required in the video ampli-
fier to make up for the loss in highs due to the compromise.

With the image orthicon the design problem is less severe, primarily
because of two reasons: First, a much larger output current is avail-
able, and second, a eomparatively low value of shunt capacitance,
about 30 uuf® is present without any reduction due to degeneration.
The first factor allows a lower value of coupling resistance to be used
for any given output voltage, which, in turn, eases the bandwidth
requirements. The low value of capacitance, which includes the out-
put eapacitance of the last multiplier dynode, the capacitances of the
shielded video eable, the circuit strays, and the input of the first
preamplifier, is due primarily to the low output capacitance of the
dynode as compared to that of the signal plate in the iconoscope.

A typical image orthicon preamplifier circuit is shown in Fig. 6-39.%
The effective coupling resistance used is about one-tenth of that used
with the iconoscope. The first two stages are designed to be flat out
to about 8 megacycles and compensation for the loss in high-frequency
components across the input circuit is afforded by the ‘“‘high peaker,”

3% Allen B. Du Mont Laboratories, Ine., Operating and Maintenance Manual—
Du Mont Model TA-124-13 Image Orthicon Chain, 1948.

4 “Television Field Pick-up Equipment Instructions.” RCA Engineering
Products Department.
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Fig. 6-39. Typical image orthicon preamplifier. The “high
peaker” eireuit is shown in the inset.  (Courtesy of Radio Corpora-
tion of America.)

which is inserted between 1z and V5. As may be seen from the inset,
this network is a frequency-sensitive voltage divider. At high fre-
quencies, (2 shorts out /7y and the full signal voltage appears across
Ra. At low frequencies, however, (s appears as an open cireuit and
only a small fraction of the signal is delivered to the grid of 175 It
will be observed from the magnitudes of the eircuit components that
the peaker provides severe attenuation of the lows, a factor which
provides the required high-frequency compensation and tends to
climinate tow-frequency microphonic noise generated in the first two
preamplificr stages.

The shading voltage, a saw tooth at line frequency, is derived from
the horizontal deflection system and is fed to a potentiometer.  The
potentiometer and the two 12-ohm resistances form a bridge circuit
such that the potentiometer may be used to control both the magni-
tude and polarity of the shading voltage which appears on the grid
of the third tube.



CHAPTER 7
VIDEO AMPLIFICATION

Reference to Fig. 6-37 of the last chapter shows that an image
orthicon camera tube operating under normal conditions will develop
a voltage in the order of 0.1 mv across a 10,000-ohm load resistance.
This voltage is much too small to drive the final kinescope, in fact,
several of the common direct-view cathode-ray tubes require a voltage
swing of some 60 or 70 v in order to reproduce the full gray scale from
black to white. In order to make up for the discrepancy between the
generated and required voltage levels, amplification must be intro-
duced into the system. The need for amplification is further in-
creased by the losses which are inherent in the communication link
which interconnects the pickup and reproducing transducers; these
tend to attenuate the signal below its value at the output of the
camera tube.

The amplifiers required for raising the level of the video signal must
be capable of handling signals extending over a frequency range of
several megacycles. As compared to the audio amplifier, the video
amplifier must be an extremely broad-band device. In the present
chapter we shall first consider the analysis and design of video ampli-
fiers based on their steady-state requirements. The relationship
between the steady-state and transient responses will then be demon-
strated.

7-1. Steady-state Requirements

The propagation characteristics of the general four-terminal net-
work consisting of input terminals connected by a linear bilateral
network to an output terminal pair and working between equal image
impedances may be specified in terms of the complex propagation
constant of the network v, defined by

Ei Ei \
¢ =F = E/dn — ¢ (7-1;
265
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where E; and E, are the complex input and output voltages, respec-
tively. Where the network contains active, unilateral elements, such
as in the video amplifier, the output voltage is of greater magnitude
than the input voltage, and it becomes convenient to define a ratio
which is the reciprocal of that used in (7-1). This ratio

E,
4= E, (7-2)
is the complex amplification or gain of the network and may be used
to describe the response of the network to a given input signal.
Following the practice used in audio amplifiers we shall generally

express 4 in polar form, thus,

E,
A=A[s=7 /b= & (7-3)
E,
hence A==
L (7-4)
and ¢ = o — o

The magnitude of A we shall call the amplification of the network;
6 is the network phase shift and is defined as a negative quantity when
the output voltage E, lags the input, Ei.
If a number of stages of amplification are cascaded and each stage
has a complex amplification
A =3 (7-5)

1k

bz

tzy

the over-all complex amplification will be

E,
"7 E,
In the system of cascaded amplifiers the output of any stage is the
input of the following stage; hence we may expand the right-hand
member of (7-6) as

(7-6)

£

Eol Q?_E_oli L Ean
EaE,Eq E:.

= Ad:4; - - - A, (7-7)
whence Ay = A14.45+ -+ + An
a'nd d’T = (d’ol - d’il) + (4’02 - ¢i2) + ot (d’on - ¢in) (7_8)
= ¢on — b1

Ar =
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Let an input signal consisting of two or more components of differ-
ent frequency be applied to the first amplifier in the cascaded chain.
Then if the output signal is to be a distortionless reproduction of the
input, the following conditions must be met:

1. The original frequency components and no additional compo-
nents shall be present.

2. The relative amplitudes of the several components shall remain
unchanged.

3. The time delay of the several components shall be constant.

From these three conditions we may set up the steady-state require-
ments of an ideal or distortionless amplifier. Condition 1 requires
that the operation of the amplifier system be linear. 1.e., there shall
be no amplitude or nonlinear distortion. In order to maintain rela-
tive amplitudes of the signal components unchanged, all components,
regardless of their frequeney, must be amplified by the same factor;
therefore A must be independent of frequency over the entire range
of signal frequencies. The last condition of constant delay time may
be expressed in terms of ¢, the total phase shift. The input voltage
of a single component may be expressed as

e; = E sin (wl 4+ ¢1) (7-9)
After passing through the amplifier, it will appear across the output as
e, = AE sin (ol + ¢,) (7-10)

or we may also write
e, = AE sin (ol + ¢, + nw) (7-10a)

where n is any positive or negative integer. That this is valid may
be seen from the following considerations: if » is even, the value
of the sine is unchanged; if n is odd, A becomes negative, indicating
only a reversal of the output voltage. Equations (7-9) and (7-10a)
are, of course, valid for any value of {; hence we may define a new
time variable ¢, such that

wl' + ¢; = wl + ¢o + nw (7-11)
and rewrite (7-10a) as
e, = AFE sin (wf’ + ¢:) (7-12)

We may also express the output voltage as the input voltage delayed
by a time interval 7, thus
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e, = AL sin [w(t + 7) + éi] (7-13)
Then from (7-12) and (7-13) we sce that
0 =t+4r (7-14)
Substitution of (7-14) into (7-11) finally vields
¢ = ¢, — ¢ = wr — nw = 2r7f — nrw (7-15)

The condition of constant delay time in the amplifier may therefore
be expressed as follows: The phase shift of the amplifier plotted
against frequency shall be a straight line passing through an integral
multiple of = at zero frequency.

That these conditions give distortionless amplification may be ver-
ified from the following example. Let a signal voltage of two com-
ponents, one of frequency f, and phase ¥, and the other of frequency
fi and phase ¢, be applied to the amplifier input. At any time ¢
this voltage will be

¢; = Eqsin (wd + ¥a) + Ebsin (wpt + ¥) (7-16)
and the corresponding output voltage will be
€o = Aok sin (wal + Yo + ¢0) + Aok sin (wt + ¥ + )  (7-17)

where A, = amplification at f Ap = amplification at f
¢. = phase shift “ ¢» = phase shift at

Now if f, is k times as great as f,, or
fo = kfa (7-18)

and if the amplifier satisfies the no-distortion eriteria which have
been stated,

A=A, =4 (7-19)
and ¢, = 277f, — nw
b = 27!"7'fb — nmw (7-20)

= 2r7f, — nrm
substitution of (7-19) and (7-20) shows that the output signal will be
e, = AE, sin [(wat + 277fs) + Yu — 0]
+ AE,sin [M(wat + 277fs) + ¢ — nw]  (7-21)

Since this equation is true for any time ¢, we may define a new time
variable ¢’ such that
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wol' = wal + 271/, (7-22)
and the output voltage becomes
e, = £ A[E;sin (wot’ + o) + Epsin (wt’ + ¥5)]  (7-23)

the sign depending upon the value of n.  With either sign the output
voltage is an amplified version of the input; both components are
increased by the same factor and their phases remain unchanged.
We have shown, therefore, that the criteria do provide distortionless
amplification of steady-state components.

Let us summarize the requirements for an ideal amplifier: A shall
be independent of frequency in the pass band; ¢ shall be linear with
frequency in the pass band with a phase intercept nr or, alternatively,
the time delay, 7, shall be constant in the pass band; and the amplifier
shall be linear.

7-2. The Resistance-coupled Amplifier

Of all the common types of amplifiers used in audio work the
resistance-coupled form may best be adapted to the broadband re-
quirements of the video system. We shall briefly review the charac-
teristics of this circuit which is shown in Fig. 7-1. The use of the
equivalent plate circuit in analysis is justified for we have specified
that the amplifier shall be linear in its operation.

G <
e o U ' |

1
Ry : J
Co. _Rzz,cﬁ Eo ()rp R|§C°;:R2§CL;: Eo

(a) TS

Fig. 7-1.  The resistance-coupled amplifier.  (a) The basic circuit.
(b) Equivalent plate circuit.

The exact analysis of the circuit shows that some of the reactive
circuit parameters have negligible effect over certain ranges of fre-
quency and that the operation may best be considered in three
separate ranges of frequency. Thus there is a certain mid-frequency
band defined as that range of frequency for which C. has negligible
reactance and the shunting effect of C'; and C, on R, and R. is negli-
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Fig. 7-2.  The operation of the resistance-coupled amplifier may
be considered in three separate frequency bands.  (a) Equivalent
mid-band cireuit. (b) Iiquivalent high-band circuit. (e) Equiva-
lent low-band circuit.

gible. In this mid-band we may use the equivalent circuit of I'ig.
7—-2a, and we have for the complex output voltage, which is defined as
a voltage drop from plate to ground,!

E.. = —gnEiRn (7-24)
where RLm='71‘,;+l1+_I;_z

S (7-25)
Therefore A= I;‘: = gnRn MinoBAND (7-26)
and ¢ = 180° (7-27)

As the frequency increases above the mid-band range, the reactance
of the three condensers decreases further, and the shunting effect
of C, and C;is no longer negligible. Since C. has negligible reactance,

1 In the amplifier diagrams an arrow is used to indicate the positive direction
of a voltage rise.
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C, and C; are in parallel and may be lumped into an equivalent shunt
capacitance C,, equal to

C.=C,+ C; (7-28)

The simplified equivalent circuit of Iig. 7-2b obtains and the output
voltage is

E.. = 1“""5" - =Bl oretan (wCRw) (7-29)
— + jwC, 1 + (wCoRRn)?
R"l-
and the amplification in the high-band of frequencies, 4, is
A, = Eo _ ___ —gnltn /—arc tan (wC,Rn)  (7-30)

E; " V1 + («C, Ix’m)

In the work which is to follow it is convenient to use the relative
high-band amplification defined as the ratio of high- to mid-band
amplification; thus from (7-25) and (7-30)

A, 1

C RE— —arc tan (CyRa 7
An " Vg O Ry e tan (wColta) s

In magnitude the relative amplification is

ﬂ = == ! Hicu-sanp (7-32)

V1 + («CoRn)
and the relative high-band phase shift, 6, is
= ¢n — ¢ = —are tan (wC,R») HicH-BaND (7-33)

where the negative sign indicates that the high-band output lags the
mid-band output.

Gienerally in the calculation of response curves it is convenient to
work in terms of a normalized frequency, the reference heing the so-
called half-power frequency. This may be forced into the last two
equations in the following manner. If a constant-amplitude variable-
frequeney voltage be applied to the input of the resistance-eoupled
amplifier, (7-32) will also give the magnitude of the ratio of output
voltage in the high-band to output voltage in the mid-band. Since
power is proportional to the square of voltage we may write

I)h -~ !:“L 2 _ ‘1_" 2 _ _A-_vl—‘ ’
P, (E,,.) = (A,") = 1 ¥ (wCoRn)? (7-34)
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We now ask this question: Is there some frequency f; in the high-
frequency band at which the amplifier delivers one-half of the power
it delivers in the mid-band? To answer this, we make the power
ratio § in the last equation and there results

r_ 1
2 1 4 (w0C,Rm)?
hence Wl =1 (7-35)
1
or fe =5k (7-36)

f2, defined as in eq. (7-36), is the upper half-power frequency. Sub-
stitution of (7-35) into (7-32) and (7-33) gives the relative response
in terms of the frequency normalized with respect to fs.

‘j—h D (7-37)
dm A\/l + (f_)..
f2 H1GH-BAND
and 6, = —arctan ;— ) (7-38)

It may be seen by inspection of (7-37) that the relative amplification
at the half-power point is 0.707. Notice that the process of normal-
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Fig. 7-3. Normalized response curves of the resistance-coupled
amplifier. () Gain. (b) Phase shift,
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ization makes the expressions for relative gain and relative phase shift
independent of the specific circuit constants of the amplifier in use.
These equations may be plotted to give universal response curves
which apply to any resistance-coupled amplifier.?  Inspection of these
curves shows that to an excellent approximation the upper limit of the
mid-band of the amplifier lies at one-tenth of the upper half-power fre-
quency. The typical response in the high-band is shown in Fig, 7-3.

The low-frequency band is defined as that band of frequencies for
which X, is no longer negligible but the shunting effect of C, and C;
on the plate load is unimportant. Subject to these restrictions the
equivalent plate circuit of the amplifier for the low-frequency band is
that shown in Fig. 7-2¢. For the low-band output voltage we have

TERx

En = —gnE: M p (7-39)
< Ro + _rph’;) _d

Tp + Rl ch

Then, factoring out the term in the parentheses from the denom-
inator, we get

—g E TERsz

iTp + ]f]
E, = 7 —
_Tplh
<R2+7‘p+R;> 1 - wC( N TRIS
2 A+ R
- g, —fnfn__ (7-40)
_-J
wC.Ry,
her _ Tl
where R, = R: + o+ It (7-41)
It follows that the low-band complex amplification is
A= % S (7-42)
i 1 — —1
wC.R;

and for the relative amplification and relative phase shift we get

2 See, for example, F. . Terman, Radio Engincers’ Handbook, New York:
MeGraw-Hill Book Company, Inc., 1943, p. 357.
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1 3

fl+(

and 0, = ¢1 — ¢ = Farctan (ﬁ) ) (7-44)

(7-43)

bslba

:
wC. 1\’1> r Low-Banp

These expressions may also be normalized, this time with respect
to the lower half-power frequency, fi. Defined in a manner analo-
gous to fp, fi is that frequency at which the relative amplification
falls to 0.707 and occurs when

wC.R;, =1

N
27C.IRp

Substitution of this identity into the previous low-band equations
vields

or N = (7-45)

(IA———— (7-46)
An Iy n (ﬁ):
N S + Low-BAND
and 6; = are 1:m‘{1 | (7-47)

Since 6; is a positive quantity the low-band output leads the output
in the mid-band. It may be shown from (7-46) that to an excellent
approximation the lower limit of the mid-band is 10 times the lower half-
power frequency.

A typieal response curve for the resistance-coupled amplifier is
shown in Fig. 7-3. It should be noticed that the mid-band is defined
by the frequency range

10/, < f < 0.1/, Mip-Banp (7-48)

Notiee in the derivation above that the accent has been shifted
from amplification and phase shift to their relative values, A/4., and
0 = ¢ — ¢ We therefore must convert the eriteria for distortion-
less operation into terms of these relative quantities. Both conver-
sions may be made by inspection. First, if A is to remain constant,
A/A ., must remain at unity. Second, by definition,

0 =¢ — 7
Crrf — nr) — 7 = 277f — (n 4+ D= (7-49)
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Then since n is any integer, positive or negative, the same criterion
for no distortion applies to 6 as to .

In summary we may say that the requirements for no distortion in
a linear amplifier are that relative amplification shall remain constant
at unity, and that relative phase shift shall vary linearly with fre-
quency in the pass band of the amplifier. The latter condition does
not preclude 6 remaining zero.

In order to satisfy the criteria stated in the last paragraph a
resistance-coupled amplifier must be designed in such a manner that
the entire range of frequencies which comprise the video signal lie
within the mid-band range of the amplifier. If such a design he
carried out, the amplification will be so low that the stage is of little
use in raising the signal level. We may demonstrate this by an
example which is typical. Say the bandwidth of the signal is such
that the amplifier must be flat to 4.5 me. By (7-48) we see that the
amplifier must be designed so that its upper half-power frequency is
10 X 4.5 = 45 me.  From eq. (7-35) we sce that J2, the upper half-
power frequency, is that frequency at which the reactance of C, and
R, are equal.  For a typical amplifier employing a 6AC7 tube C,, the
sum of input and output capacitances, will average around 20 yuf,
thus (7-35) requires a value of I?,,

r— — 1,
T 2x(4.5 X 107)(2 X 1071)
With a transconductance of 9000 micromhos, the 6AC7 will have a
corresponding mid-band amplification of

Am = gnltw = (9 X 109(1.73 X 102) = 1.56  (7-51)

This value of amplification is too low to be of value.

To counteract the conflicting requirements of bandwidth and am-
plification, a compensating procedure is applied in the design of the
amplifier. Since the decrease in high- and low-band amplification is
the result of different circuit elements, we may consider the com-
pensation of the two bands separately. This will be done after we
have seen that the transient response of an amplifier is related to its
steady-state characteristics.

R, = 173 ohms (7-50)

7-3. Transient Response of a Video Amplifier

To this point in the present chapter we have been concerned with
the steady-state response of the hasic resistance-coupled amplifier
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circuit. The general point of view in the steady-state case is this:
if a sinusoidal signal of known amplitude, frequency, and phase is
applied to the input terminals of the amplifier, what will be the ampli-
tude and phase of the corresponding signal which appears across the
output terminals? An investigation is then made of how these out-
put quantities change as the frequency of the applied signal is varied.
When this information is known, we have the steady-state response
of the network, that is, we know how the amplifier responds to a
sinusoidal signal of any frequency. Since Fourier's theorem gives us
a means of relating any repetitive nonsinusoidal signal to its harmoni-
cally related sinusoidal components, we can then find the response of
the amplifier to such a signal, by determining the output for each
of the sinusoidal components. Then, in accordance with the super-
position theorem, the total output signal will be the sum of the
individual sinusoidal output components,

In television work, however, we deal almost exclusively with signals
which are nonrepetitive in nature. The I'ourier analysis does not
obtain in this case and we are faced with the following problem:
What sort of response characteristies can we use in place of the steady-
state which will give us the required information for these non-
repetitive input signals?

In the final analysis the measure of distortion in an amplifier is the
answer to the question: To what extent is the shape of the output
signal an exact, though amplified and delayed, reproduction of the
shape of the input signal? Now if we speak of the shape or wave form
of a signal, we must inevitably bring in a time variable, and we may
describe the signal by plotting its instantaneous amplitude as a func-
tion of time. This coneept is well known and in fact has been used
several times in this book where a voltage or current has heen plotted
against time to illustrate its shape. It follows, then, that we must
concern ourselves with the time response of an amplifier, that is, the
shape of its output signal relative to a given input signal. We have
two principal questions to answer: (1) What input signal shall be
used to give the information we need about the reproduction of non-
repetitive wave forms, and (2) How shall we caleulate the amplifier
response to that input signal?  When these questions are answered,
we shall discover that the time or transient response is related to the
steady-state characteristics of the amplifier.

A number of different mathematical approaches to the caleulation
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of transient response are available®! in the literature and the recent
trend has been toward almost exclusive use of the Laplace transform.5
Since our purpose is primarily the study of television systems, how-
ever, it is beyond the scope of our work to develop the mathematical
tools needed for these methods; hence we shall approach the problem
from a physical basis to gain insight of the circuit behavior, and state
the mathematical results where required and reference them for the
benefit of the interested student.

7-4. Unit Function

In order to find the transient response of a network we must first
find a suitable test signal to apply at the input terminals. From an
even elementary study of electrical transient phenomena we know
that a common test voltage is that furnished by a battery of constant
voltage which is suddenly applied to the network at t = 0. The
resulting applied voltage has the familiar form plotted in Fig. 7—4

0 1 —

Fig. 7-4.  Unit funetion, a basie test voltage.

and is known as a step function. If the amplitude of the step is
unity, the form is known as “unit funection” or “unit step.” The
reason for the choice of this form of test signal for the calculation of
transient response may be demonstrated mathematically by means of
the superposition integral or Duhamel’s integral as it is sometimes
known. The basic line of reasoning used is that any nonrepetitive
wave form may be considered as the superposition of a number of
unit functions suitably weighted in amplitude and time as illustrated

311 A. Wheeler, “The Interpretation of Amplitude and Phase Distortion in
Terms of Paired Echoes.”  P’roc. IRE, 27, 4 (April 1939). See also S. Goldman,
infra, chap. 12,

4 M. J. DiToro, “Phase and Amplitude Distortion in Linear Networks.” [I’roc.
IRE, 36, 1 (January 1918).

5 8. Goldman, Transformation Calculus and Electrical Transients. New York:
Prentice-1Tall, Ine., 1949,
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in Fig. 7-5. Then, if the network response to unit step is known,
the response to the actual wave form may be obtained as the super-
position of the response to each of the weighted steps which synthesize
the wave.! We should note that this is a direet analogue of the
steady-state problem where the response to a sine wave is used to
determine the response of a repetitive wave which may be synthesized
from suitably weighted sinusoidal components.  For our purpose it is

t

Fig. 7-5. A nonrepetitive wave form may bhe considered as the
superposition of step functions properly weighted in amplitude and
time. If the response of a network to unit step is known, the total
response is the superposition of all the individual responses to cach
of the steps.

appropriate to justify the use of a step function as a test signal on
physical grounds. To do this we consider two extremes of wave form
which are encountered in television work. Assume that a large area
of gray appears in the televised image. Then in this ease the wave
form of the signal is constant at some d-¢ value in the region of the
gray signal. In the extreme case, where the whole picture 1s at
the same gray level, the duration of that d-c level of the corresponding
signal will last for at least one frame interval. Thus we may state
that one requirement on a video amplifier is that it be able to main-
tain a constant d-¢ level over a relatively long interval, that is, long
in terms of a line duration.

Further, let it be assumed that in one region of the televised image
an abrupt transition from black to white occurs. This once again
represents an extreme condition; if the amplifier can reproduce this
abrupt transition, it certainly can reproduce any gradual one. It
follows, then, that if a video amplifier can meet these two require-
ments—reproduction of an abrupt transition and maintenance of a
constant level over a comparatively long interval—it should be able

6 See, for example, S. Goldman, op. ¢it., chap. 4, or L. B. Arguimba, Vacuum
Tube Circuits.  New York: John Wiley and Sons, Ine,, 1948, chap. 4.
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to reproduce any other conditions which occur in a video signal. A
moment’s reflection will show that these two conditions are met
exactly by step function; hence step function is an ideal test wave
form for video amplifiers and it is the basic test signal used for cal-
culating transient response and for determining transient response
experimentally.

7-5. Transient Response of the R-C Amplifier

With our test signal decided upon we may now calcukite the
transient response of the basic resistance-coupled amplifier whose
circuit diagram is shown in Fig. 7-1. It is fortunate that the transient
response of this circuit is amenable to solution by simple differential
equations. To simplify our work, we shall assume the plate re-
sistance of the amplifier tube to be much larger than the resistance
Ri. Actually further simplification of the circuit ean be made. To
illustrate this let us eonsider the physical behavior of the circuit when
a step-function grid voltage is applied. At ¢ = 0 the current ¢e;
begins to flow. Now since the voltage across a condenser cannot
change abruptly, initially g.e; flows into the condensers, charging
them. As the voltage across the condensers increases, some of the
current begins to flow through the resistors. Furthermore, since
C: > > (4, most of the voltage drop across them will appear across C;;
thus in the region of the step in the applied wave, we may neglecet C,
and consider it to be shorted out. Further, in the typical amplifier
Ry >> Ry, so that in the vicinity of the step, & much smaller current
flows through R, than through R;. It follows at once, then, that as
far as behavior near the jump in an applied step voltage is concerned,
the equivalent circuit of the amplifier is identical to that shown for
the high-frequency-band steady-state response in Iig. 7-2b, but with
Ry, = R.. Remember that with C, shorted out, C, and C; are in
parallel and their sum is defined as C,.  We may now solve for the
instantaneous output voltage, e,, by using Kirchhoff’s current law.

Let 11 = instantancous current in [,
P . } a-
1, = Instantancous current in C,
Then 4 7= gue; 