
, 

ELEMENTS 
OF 

TELEVISION 
SYSTEMS 

• 

"•• : : : : : 



Elements of 

Television Systems 

George E. Anner 
ASSISTANT PROFESSOR OF ELECTRICAL ENGINEERING 

COLLEGE OF ENGINEERING NEW YORK UNIVERSITY 

Pre ntice-Ha II, Inc. 

New York 

1951 



PRENTICE-HALL ELECTRICAL ENGINEERING SERIES 

W. L. EvERrrr, Editor 

SK RODER AND HELM Circuit Analysis by Laboratory Methods 
M PHREY Electrical Engineering 

P UM PHRE Y Fundamentals of Electrical Engineering 
WARD Introduction to Electrical Engineering 
RYDER Electronic Engineering Principles 
RYDER Networks, Lines, and Fields 
RYDER Electronic Fundamentals and Applications 
MENZEL Elementary Manual of Radio Propagation 
GOLDMAN Transformation Calculus and Electrical Transients 
VAIL Circuits in Electrical Engineering 
JORDAN Electromagnetic Waves and Radiating Systems 
STOUT Basic Electrical Measurements 
MARTIN Ultrahigh Frequency Engineering 
THOMSON Laplace Transformation 
BENEDzeT Introduction to Industrial Electronics 
MOSKOWITZ AND RACKER Pulse Techniques 
FicH Transient Analysis in Electrical Engineering 
ANNER Elements of Television Systems 

COPYRIGHT 1951 BY PRENTICE-HALL, INC., 70 FIFTH AVENUE, NEW YORK. 
NO PART OF THIS BOOK MAY BE REPRODUCED IN ANY FORM, BY MIMEOGRAPH 
OR ANY OTHER MEANS, WITHOUT PERMISSION IN WRITING FROM THE PUB-

LISHERS. PRINTED IN THE UNITED STATES OF AMERICA. 



Elements of 

Television Systems 



An image orthicon camera chain. The camera is on the upper level. 
Monitors and control equipment are on the table. The units on the 
floor are power supplies. (Courtesy of Allen B. Du Mont Laboratories, 
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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 to a ten-year interval. 
These methods have concentrated on the television broadcasting 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 
begins 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. 
\ There 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, 
co, 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 construc-
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 as.sociates for their 
cooperation and excellent workmanship in the preparation of the 
illustrations. 
A number of technical societies, publishing companies, and manu-

facturers have been generous 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 credited 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 before 
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 conveyed 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 electrical 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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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 
characteristics 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 proceed 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 see 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 iN(f,t), which adds to the signal 
current is(f,t). A current [is(f,t) iN(P)] 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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INOISE 1 
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IN (f,t) 
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t 

Fig. 1-1. Signal and noise combine ti Fig. 1-2. Sound pressure is a single-
give a single-valued function 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 he 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 Fig. 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 basic 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 eye a perfectly 
satisfactory picture results if the continuum of brightness is replaced 
by a field of elemental areas, the brightness of each being the average 
brightness of the corresponding area in the original image. This 
concept is illustrated in Fig. 1-3, where the actual variation in 

e 

Y=Y1 9=91 

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 

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 M 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 occupy 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-

PHOTOTUBES REPRODUCERS 

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 M 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 M 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 COMMUNICATION 
CHANNEL 

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 hook. 
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 characteristic of all phosphors or fluorescent 
materials which after being bombarded by an electron 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 sequential 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 Xs 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 requirements, 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 81 in. is to be transmitted. If this is illuminated, the 
light reflected from its surface will contain information as to the 

I. G. Maloff and D. W. Epstein, "Luminescent Screens 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 first component required in 
the system is a photoelectric transducer. A phototube or photocell 
will serve in this capacity. 

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 switch 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 expedient 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 area of the picture a special optical system is 
used. As may be seen from the diagram, light from an exciter lamp 

000 CYCLE FORK 

PICK UP MAGNET,  1 DRIVE MAGNETS 

FORK -re 

MOTOR AMPL FIER—, 

MATCHING FILTER 

SYNCHRONOUS 
MOTOR 

CONTRAST CONTROL 

PHOTOCELL,MOOULATOR 
AND OPTICAL SYSTEM 
ASSEMBLY 

GAIN 
CONTROL °My 

TO TRANSMISSON 
CHANNEL 

DO 
METER 

HASING SPOT 

PHASING RING 

CAM TO CONTROL 
HALF NUTS 

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

2 Elements of Facsimile Communications, The Times Facsimile 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 Fig. 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 electrical 
signal. The final image is produced by developing the photographic 
image, which has been exposed on the revolving drum. 
Now it can be seen 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 
clutch, stop arm, and trip magnet shown in Fig. 1-8. As the record-
ing drum of Fig. 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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Fig. 1-8. The reproducing equipment of a facsimile system. (Cour-
tesy of Times Facsimile Corporation.) 
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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 84-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-electronic television system will be 
postponed until certain of its important components have been dis-

cussed. 
These chief 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.4 With the simple 
system completed, the problems of a commercial 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 system. 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 prescribed 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 three 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 
types of closed television systems. 

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-electronic scanning. See H. W. 
Lee, "The Scophony Television Receiver." Nature, 142, 59 (July 9, 1938). 
See also Fig. 14-35. 

R. W. Sanders, "Industrial Television." Radio and Television News (Radio 
and Electronic 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. For example, in speech 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 receiver. Once 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 need 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 
closed 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. Furthermore, 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 
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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 circular 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 
data 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 

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. 1st Notional Electronics Conference, 182 (October 
1944). 
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(a) (b) 

Fig. 2-1. Scanning a circular an ttt . Fig. 2-2. An enlarged 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. 

-ENLARGED 
PICTURE 
AREA 

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. It 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 R1 and CI constitutes a phase shift network which feeds 
sinusoidal voltages in quadrature to the grids of V1 and V. 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 scan on an electrostatic 
deflection cathode-ray tube. 

The number of revolutions in the complete spiral is determined by 
the relative periods of the two wave forms, the sinusoid u 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 circuit 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 screen. 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 linearly 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 properly 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 CRT. 

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 aesthetic 
grounds. Probably the greatest single factor which caused elimi-
nation of a circular shape is that the cinema industry has standardized 
on a horizontal rectangle. Thus any television system which has 
hopes of using motion pictures as a source of program material is 
forced to eliminate the circular shape on the grounds that approxi-
mately 40 per cent of the picture information would be eliminated. 
Two other picture shapes remain for discussion—the square and the 

rectangle. If a rectangle is inscribed in a circle it may be shown 
quite easily that its area will be maximum if it is a square; hence, of 
the two shapes the square gives better utilization of the circular tube 
face. Furthermore, scanning problems are minimized in a square 
picture and the simple horizontal linear scan shown in Fig. 2—la 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. It 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 criticism on subjective grounds, at 
least the demands on a commercial 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 commercial telecasting,3 but the fact still remains that 

2 A. Van Dyck, "Dynamic Symmetry in Radio Design," ¡'roc. IRE, 20 (9), 
1481 (September 1932). 

D. G. Fink, Ed., Television Standards and Practice. New York: McGraw-Hill 
Book Company, Inc., 1943. 



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. 

2-2. An Estimate of the System Bandwidth 
In order to discuss intelligently certain other standards we shall 

digress at this point to develop an approximate equation for the 
bandwidth required to transmit a television signal. It must be 
stressed that the following derivation is approximate and is based on 
rather crude 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 
are transmitted. 

In Fig. 2-4 is shown a checkerboard 
pattern composed of alternate squares 

3 III MI pattern is scanned by an aperture 

Mi of black and white. Assume that this 
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MAIM 

which is infinitesimally narrow but of 
4 I Mal 5 the same height as the individual 

1. Ill squares in the checkerboard. Assume 6  
further for the moment that the ap-
erture is in perfect vertical alignment 
with the rows of squares, moves with 

Fig. 2-4. The checkerboard 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, 
Nh = number of elements along a horizontal line, and 
= frame frequency or number pictures scanned per 

second. 

Then the number of cycles of square wave generated per picture is 

t.1 I, 

A= 21-= e-
h 3 
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If it be further assumed that this square wave may be represented 
by its fundamental component, the frequency f„ of this component 

becomes 
f, = IAÇNhf„ (2-1) 

and since Nh = AN,, for the checkerboard, A being the aspect ratio, 

f„ = lAN„2f„ (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) 

f„ = 3-An2f, (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 a' in Fig. 2-5; in general however, 

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 he 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 

f, = WAWA, (2-4) 

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, b will be lower, and in the limit the 
average brightness of the entire field of view shows up as a d-e com-

ponent. Thus the bandwidth of the system extends from zero fre-
quency to b. 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 cannot 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 712 and to fp, 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 

f, = 0.64 (1) 2 (500)2(30) = 3.2 megacycles. (2-5) 3 

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 
using 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 scan 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. Experiments tend to indi-
cate that on the average the eye can distinguish the two dots as being 
separate if they subtend an arc 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 circuitry. 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 

6 E. W. Engstrom, "A Study of Television Image Characteristics," Proc. IRE, 
21, 12, 1631 (December 1933). 
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Fig. 2-6. (a) Deflection voltage for unidirectional scan. (b) De-

flection voltage for bidirectional scan. 

(§2-3 

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 r„, Th the flyback interval, 
being used to return the aperture to its starting position. During T, 
the voltage must build up linearly with time to provide constant 
resolution. During 7f, 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 7f. At b the bidirectional scan requirement is 
shown. During both ri and T2 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 T2 in curve b. Generation of the volt-
age shown at a may be accomplished by the use of a series I? 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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Fig. 2-7. Types of sean. (a) Horizontal. (b) Vertical. 
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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, 

i.e., 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.6 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 

rf retrace or flyback time 
p = flyback ratio — — (2-6) 

T. trace or scan time 

where rf and r8 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. 

It 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. 

2-4. 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 element until 
the entire field of view has been supplied with brightness information. 
Such a single scan of the entire picture area may be called a "picture" 
or a "frame." The latter notation, which is more commonly used, is 
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 elements 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 system9 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 E. W. Engstrom, op. cit. 
E. W. Engstrom, "A Study of Television Image Characteristics," Part II. 

Proc. IRE, 23, 295 (April 1935). 
It should be mentioned that the remarks of this section apply to the standard 

commercial black-and-white television system. Developments have been made 
in color television systems and in the so-called "dot-interlace" system of trans-
mission which permit frame frequencies considerably lower than 24 per second 
to be used without adverse effect on the reproduced picture. 

1° In the "Roc Bird" a miniature pickup and transmitting system is mounted 
in a 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 Equipment," 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. Hence, f„ > 24 frames 
per second and it need only be determined what the actual value shall 
be. For the more general case, however, some investigation must be 
made as to the factors which place a lower limit on f„. From 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 sees the instantaneous variations. In this case flicker is 
said to be present and the frequency at which crossover between the 
two effects occurs is known as the critical flicker frequency. 

If, now, the same experiment be performed at different levels of 
source intensity, it is found that the critical flicker frequency varies 
with the logarithm of the illumination intensity. This is a statement 
of the Ferry-Porter law and is illustrated in Fig. 2-8. Data for these 
curves were taken by Engstrom by having several observers view the 

image of a light source focused on a screen, 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. From considerations that will become apparent 
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Fig. 2-1R. Critical flicker frequency mea,sured with a slotted disk. 
(Courtesy of Proc. IRE.) 
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later in our work, this vertical flyback ratio, p„, which is defined in 

(2- 6) is generally of the order 

p„ = 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: Entire 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 critical flicker frequency vs. 
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Fig. 2-9. Critical flicker frequency 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 Fig. 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 Fig. 2-9 and 2-10 
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 

Apparent illumination 
on 3-ft wide screen 

10 foot-candles 
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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.) 

" P. C. Goldinark, 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 seen, this figure is perfectly satisfactory for 
reconstituting motion in the scene and presents enough footage of film 
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 each 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 tie in with television? Following 
this line of thought, it seems that it is only necessary to refer to 
Fig. 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 
freepency 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. If 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. Sanabrian 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 

Fig. 2-11. Position of an arbitrary number of scanning lines. 
Progressive sean results if the lines are scanned in order from top to 
bottom. The sequence 1, 3, 5, 7, 9, 11, 2, 4, 6, g, 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, i.e., 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 
line 1. 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 U. A. Sanabria, UT. 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, ff, 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 scanning 
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 scan 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.'3 
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 Fig. 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. Foremost 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 scan. See V. K. Zworykin, "Flying Torpedo 
with an Electric Eye," R.C.A. Rev., VII, 3 (September 1946). 
" R. D. Kell, A. V. Bedford, and M. A. Trainer, "Scanning 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 V of 1/48 second, the 
number of spurious ripple cycles per field will be 

No. of ripples/field = 0 = 1.25 cycles/field 
48 

(2-7) 

The result of this spurious deflection of the scan pattern is shown in 
Fig. 2-13, where the lines of field 1' are displaced vertically so that 
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Fig. 2-13. Spurious line deflection due to 60-cycle 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. First, 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 frequencies 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 wit h the humorous effect 
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of films of the 1920's run in modern projectors.'s 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 
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Fig. 2-14. Spurious line deflection due to 60-cycle ripple in a 
30/60 interlaced scanning system. Field-to-field motion of the 
lines is eliminated. (After Kell, Bedford, and Trainer.) 

line in the scan pattern is eliminated. Furthermore, 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. 

Is 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 frequency 60 cps 60 cps 
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 Satisfactory 

5 Bandwidth .1.1" —àf 
4 

In retrospect it is interesting to consider the verisimilitude of the 
assumption of a 60-cycle power line frequency 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 Falls section is at 25 cycles 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 cycles per 
second, except for industrial loads. In large areas of California 
where the frequency is locked in with adjacent 60 cycle areas 50 
cycles 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-
electronic 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 described 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. To make this more clear, consider Fig. 3-1. 
If the array of apertures, na in number, is moved downward at a 
constant velocity, the entire area wh will be scanned in a series of 
vertical lines. Certain 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. From the diagram it can be seen 
that the vertical inter-aperture 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/no, where w is the 
picture width and na is the number of identical apertures in the 
scanning array. 

It is apparent that if the picture area is to be scanned continuously, 

h 

Fig. 3-1. A single aperture 
that moves in two directions 
may be replaced by an array of 
apertures that move in one di-
rection. 

n a APERTURES 
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Fig. 3-2. The Nipkow disk. 

an infinite number of such scanning 
arrays would be required. Clearly, 
a compromise is indicated. One such 
compromise is this: let the array of ita 
apertures be closed back on itself to 
form a spiral and let the vertical mo-
tion of the array be replaced by a ro-
tational one. This substitution results 
in the Nipkow disk, with it« apertures 
arranged in a spiral, and this disk is 
to be rotated at a constant angular 
speed. Notice that the only change 
in scanning different from that of the 
original system is that the lines are 
sections of circles whose centers are lo-
cated at the shaft. 
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 
circuit 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 
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Fig 3-3. A simple television system employing mechanical scanning. 
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high-level illumination, and the phototube effectively scans across 
the area. In the flying-spot scanner, on the other hand, the televised 
object is in darkness and is viewed by a battery of phototubes. 
Illumination in the form of a moving light spot of high intensity is 
then caused to scan 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 described system. Refer-
ence to Fig. 3-4 shows that the prime difference between the two 
systems lies in the placement of the scanning disk relative to the 
lighting source, the object, and the phototube. In the earlier system, 
the scanning disk lies between the illuminated object and the trans-
ducer. In the flying-spot scanner, the disk is between the light 
source and the object. In the interests of even greater optical ef-

OBJECT 

t .. - - 

MIRROR 
SEGMENTS 

Fig. :i . 1. Flying spot scanning. Fig. 3-5. Mirror scanner. 

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 scanning at both pickup and reproducing 
ends were developed. As an example, a rotating mirror scanner is 
shown in Fig. 3-5. 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. For 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, 



§3-2] SCANNING METHODS 41 

however, that the Scophony'. 2,3 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. 

3-2. 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.4 
During the same decade members of the staff at Purdue University 

had been doing work in the design and operation of cathode-ray 
tubes.4 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, 
1938). 
2 Scophony Television, Electronics, 9 (3), 30 (March 1936). 
D. M. Robinson, "The Supersonic Light Control and Its Application to 

Television with Special Reference to the Scophony Television Receiver." ¡'roc. 
IRE, 27, 483 (August 1939). 

V. K. Zworykin, "Television with Cathode-Ray Tube for Receiver." Radio 
Engineering (December 1929). 

C. F. Harding, R. H. George, and H. 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 seem 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 electronics. Developed originally by Braun(' 
in 1897 the tube employed a cold cathode, and deflection of the ion 
beam was accomplished by the use 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 receiver. 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. 

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 

6 See, for example, A. L. Albert, Fundamental Electronics and Vacuum 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 construc-
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 thé 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 forces for the development of a practical all-electronic system 
for, as we have seen, the research organization of RCA Victor had 
been doing parallel work on a system based on the cathode-ray tube.7.8 
At the same time a number of systems for scanning moving picture 
film were developed.m° 
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 electro-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 element. 
Thus we see that the assumption of electronic scanning which was 

used in the last chapter is perfectly general: scanning is accomplished 
at both ends of the system by deflecting a beam of electrons. Since 
this concept is basic in modern television systems, we next investigate 
the means available for causing 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 
second to produce the across-screen motion. Three types of com-
binations of fields are used for this:" (a) two normal electric fields, 
(b) two normal magnetic fields, and (c) two parallel fields, one mag-
netic and one electric. We now proceed to derive the relationships 
between beam deflection and fields for these combinations. 

7 E. W. Engstrom, "An Experimental Television System." Proc. IRE, 21, 12 
(December 1933). 

8 v. K. Zworykin, "Description of an Experimental Television System and the 
Kinescope." Proc. IRE, 21, 12 (December 1933). 

9 C. F. Hardy, R. H. George, and H. J. Heim, op. rit. 
10 R. D. Kell, "Description of Experimental Television Apparatus." Proc. 

IRE, 21, 12 (December 1933). 
" I. G. Maloff and D. W. Epstein, Electron Optics in Television. New York: 

McGraw-Hill 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 EE. By the law of the conservation of energy it 
must be true that on impact its potential eitergy is converted into 
kinetic energy. Thus, 

lmvo2 = Er (rationalized M.K.S. units) 

2Er 
or vo = (3-1) 

where r = electronic charge 

= 16 X 10-9 coulomb 

and m = electronic rest 'rims 

= 9.03 X 10-3' kilogram 

Thus the final velocity, vo, of the electron is proportional to the square 
root of the accelerating voltage E. 

Fig. 3-7. An electron is free to 
move between two plates. 

CONDUCTING 
COATING 

DEFLECTING 
j PLATES 

GUN 

Fig. 3-8. The basic cathode-ray 
tube. The beam electrons maintain 
a constant axial velocity vo in 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 (Fig. 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 potential and corresponds to the 
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"plate" of the previous figure. Thus an electron arrives in that 
region with an axial velocity vo 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 optics 
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_9.12 Comparison of the two examples in the figure shows 

MEDIUM 1 MEDIUM 2 

112 

V 
SIN /I _ V1 _ 1/2 

SIN 952 - 

= INDEX OF REFRACTION 

V = VELOCITY 

(a) 

Va 

SIN _ 

SIN 02 EI 

EQUIPOTENTIAL 
SURFACES 

(b) 

E = POTENTIAL 
V = VELOCITY 

I'ig. 3-9. A close analogy exists between optics and electron op-
(a) Optical path in optics. (b) Electron trajectory in electron 

Optics. 

(, for example, M.I.T. Electrical Engineering Staff, Applied Electronics. 
Ne‘‘ 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 electron 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 electrons which leave the cathode 
in the direction of the defining aperture in the grid onto the crossover 
point, which is labeled x 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 

CONTROL ANODE /./M././///,/,,MM/"./ ANODE NO.2 

GRID NO.1 
* 

ELECTRON BEAM 

FOCUS 
CONTROL 

SCREEN 

---

Fig. 3-10. Electrostatic focusing in a cathode-ray tube: x repre-
sents the crossover point. 
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focuses the crossover point onto the screen. In this manner the 
electrons that leave the cathode are made to arrive at the screen as a 
beam of very small cross-sectional area. In a typical case the di-
ameter of the beam at the point of focus 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 focus control, 
in the high-voltage bleeder system. 
The focusing system just described utilizes the bending action of 

an electrostatic field and hence is termed electrostatic focusing. Its 
advantages are that it draws no power (few, if any, electrons reach 
the first anode) from the high-voltage supply, and that the lens sys-
tem itself is contained within the cathode-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 screen as does the magnetic 
system of focusing, which is described later in the chapter. In 
current practice electrostatic focusing is confined to cathode-ray 
tubes up to 7-in., or occasionally a 10-in., size and is not used in the 
larger picture or television camera tubes. 

Since we have seen how the electrons are formed into a narrow beam 
in the CRT, we must now consider how that beam is made to move 
across the face of the tube in the prescribed scanning pattern. It 
must be stated that after focusing in the electron gun the electrons 
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 velocity vo. If, now, the beam be made 
to pass between a pair of deflecting plates, such as shown in Fig. 3-8, 

Fig. 3-11. Electrostatic deflection. 



§3-31 SCANNING METHODS 49 

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

Since tio remains constant, the time of flight, t, during which an 
electron remains between the plates is 

— 
ro 

(3-2) 

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

g = (3-3) 
d 

and the normal force on an electron is given by 

VE 
f = Ce = —d = ma 

The normal acceleration is 

VE 
a = 

Then, integrating, r o = normal velocity at time t 

, VE 
= at = - -m(i vo 

(3-4) 

(3-5) 

and ô = vertical deflection from axis at time t 

= -1 at2 — VE/2  (3-6) 
2 2111602 

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 vs and vo both of which are constant. Thus, 

ro VE/ 
tan a = — = 

ro mr02 
(3-7) 

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

ô 
tan a =  (3-8) 
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This last equation is important for it shows that the actual parabolic 
path of the deflected electron may be considered to be replaced by a 
path that continues in the direction of r0 until the center of the plates 
is reached, and then undergoes an abrupt change of direction by an 
angle a. This equivalent electron path is shown by the dashed line 
in Fig. 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 screen corresponding to angular deflection of a 

= y tan a 

and substituting from (3-1) we get 

D  = /£_ V 
E 

(3-9) 

(3-10) 

We may illustrate the use of eq. (3-10) with the following example: 
The dimensions of a certain cathode-ray tube are 

/ ---- 2 cm 

d = 1 cm 

y = 20 cm 

E = 1 Kv 

Then the voltage required to produce a deflection of 5 centimeters 
will be 

v = 2dDE 2 () (i0) 
103 = 250 volts 

ly 

Further calculation will show that the maximum deflection which 
may be obtained in this tube without a change in accelerating voltage 
is 10 cm, which corresponds to a deflecting voltage of 500 volts. 
If the deflecting voltage is increased above this value, the deflection 

angle a will exceed 26.5° = arc tan (I- ik) and the electron beam 
2 2 

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 either 
putting a sharp bend in the plates or by giving them a gradual flare. 
In either case the deflection equations above must be modified by 
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Fig. 3-12. Detail of the curve I plu!••- u- el in electrostatic deflec-
tion. (Courtesy of Allen b. 1)u li,nt Laboratories, Inc.) 

51 

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 - 2 (Li) 1 d rt. 
(3-11) 

where D/ V is termed the deflertion sensitivity and which may be 
expressed in millimeters per volt. It may be seen from the last 

13 An excellent treatment for deflection with curved deflecting plates is given 
by I. G. NIaloff 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, E. Further-
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 I'/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 type are 
given in Table 3-1. Two sets of deflecting plates at right angles to 
each 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 y is different for the two. In the table values are given 
for the set nearer the fluorescent screen. 

TABLE 3-1 

DEFLECTION SENSITIVITIES ON TYPICAL TELEVISION ('HT':: 

Type 

tiBP4 
7JP4 
10HP4 

Approx. screen size, 
in. 

5 

10 

Accelerating voltage, 
volts 

l'/D, 
nun/ volt volt /in. 

1500 0.45 
6000 0.94 
5000 0.254 

57 
27 
100 

We may summarize electrostatic deflection as follows: For a con-
stant accelerating potential, the deflection 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 is 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. (3-101; 
the total deflection is independent of m and r, 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 electric 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 common focal point 
with electrons 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 lie 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 focus 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 air gap. 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 

" A second case where a long focusing coil extends over the entire length of 
the electron beam is described in Chapter 6. The short coil is the form used in 
cat hode-ray t ubes. 
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Fig. 3-13. (a) Magnetostatic focusing. (b) Detail of a PENI 
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 force that causes it to follow a 
spiral path. This path will cause the electron 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 which that 
current flows. It follows at once that focus control may be obtained 
by varying the current through the coil. It is common practice, 
however, to use this method for fine control only, coarse control being 

lb See T. Soller, M. A. Starr, and G. E. Valley, Jr., Cathode Huy Tube Displays, 
Volume 22, M.I.T. Radiation Laboratory Series. NOV York: McGraw-Hill 
Book Company, Inc., 1948; also, I. G. Maloff and D. W. Epstein, itp. cit.; and 
V. K. Zworykin and G. A. Morton, Television. New York: John Wiley and 
Sons, Inc., 1940. 



§3-41 SCANNING METHODS 55 

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 direct 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. 13-131). 16 
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 electrostatic tube 
shown in Fig. 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 !)-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 CRT screen, we are now in a position to consider 
the second method of deflecting the electron beam, the method in 
which a magnetic deflecting 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 / as shown in Fig. 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 

16 For constructional details of focus coils, .see SoIle r et al., 01). cit. 
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Fig. 3-14. Magnetic deflection. 

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, vo, given by (3-1). 

Let 

H = field intensity, amperes/meter 

B = flux density, webers/meter2 

= permeability of space = 4r X 10-7 kilogram-meter/coulomb2 

Now the force on the electron resulting from the magnetic field is 
normal to the direction of vo 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 

f = Bevo = gelicvo (3-12) 



0-41 SCANNING METHODS 57 

and this must be equal to the centrifugal force 

nip02 = (3-13) 

Thus, 
in ro 
P = (3-14) 

poHE 

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 a 
equal to the change in path directions of the electron on entering and 
leaving the magnetic field. Then from the diagram it may be seen 

that 

sin a = L (3-15) 

It should be noticed that, in general, the point a does not lie midway 
between the boundaries of the magnetic field. Thus, 

D = (y — oa) tan a 

— 
= (y — oa ) - 

P 

- 
(3-16) 

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 

that, a = sin a = tan a 

and further, since t is small compared to y 

y — oa y 

and the approximate equation results: 

D WWI Ir (3-17) 2Em, 

Substituting for c and in for the electron in M.K.S. units we get 

D 47r(0.0297) -Ye (3-18) 
V E 

where the nnit. of H are amperes/meter, the units of I), y, and 1 
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are meters and the units of E are volts. Hence it may be seen that 
in magnetic deflection the total screen deflection is proportional to H, 
the field intensity, provided that the deflection angle is small. Again 
the second direction of deflection required by the scan may be ob-
tained by using another magnetic field normal to that described 
above, and the same deflection equations obtain. 
At this point it might be well to check 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 a from (3-15) and then find tan a 
from the tables, whereas in the approximate form the calculated value 
of the sine is assumed equal to the tangent. Hence, the per cent 
error involved in the approximation is 

(tan a — sin a) 
tan a 

100% = (1 — cos a) 100% 

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

Sin a Tan a % Error Approx. a' 

0.343 0.365 3.3 20 
0.371 0.399 7.0 22 
0.426 0.471 9.6 25 
0.497 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 deflection of about 50°, which 

corresponds to an a of 25°. Since in all cases sin a < tan a, the 
deflection calculated from (3-18) will be conservative, i.e., it will be 
less than the actual deflection predicted by the exact equations. 

In magnetic deflection the required magnetic 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 deflection 
region. Such a yoke of simple form is shown in Fig. 3-15. Assuming 
for a moment that the field produced in the cathode-ray tube by the 

yoke is perfectly homogeneous and square in cross section, we may 
derive a relationship between D, the total deflection, and I, the 
deflection current flowing through the yoke windings. Let: N be the 
total number of turns, and II the height of the field in meters. Then 
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Fig. 3-15. Simple yoke for magnetic deflection. 

NI 
H = (3-19) 

and substitution into (3-18) yields 

D
47(0.0297)yl NI 

- 
h 

= 0.373 É NI 
h VE 

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 deflection. 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 he 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, a, 

away from the center of the screen. Thus a current 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. NI will be the peak-to-peak value of the ampere turns. Then, 
by substituting into (3-20), we have 

NfÉhD V8000 (5\ ( 8 \ 
NI - (3-2e 

0.373/y - 0.373 ‘..g) \9.5) 

201 ampere turns, peak-to-peak 

(3-20) 
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Notice that the units of h and I, and of I) 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 he remedied, however, by eliminating 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 flat wou. rid coil is bent up 90°. (b) The flat coil is bent 
into shape around a mandrel. (e) 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.'" 
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 screen 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 each 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 
yoke 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 

Magnetic Deflection 

D = Kl--V 
E 

D K2 

(3-22) 

(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, 35, 8 (August 1947). 

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

19 Preliminary Data on Television Scanning Circuits and Components, Part I, 
RCA, RCA Victor Division, 1944. 
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Now in a cathode-ray tube both the screen brilliance and beam 
size are related to the accelerating voltage and both 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, V must increase in direct 
proportion for electrostatic deflection to maintain a given screen 
deflection. Evaluation of the constant K1 for typical cathode-ray 
tubes shows, for tubes having screen diameters greater than about 
7 in., that values of deflecting voltage are required that are higher 
than may be conveniently generated with receiving-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 electromagnetic and 
electrostatic deflection. Thus we find that tubes smaller than 7 in. 
tend toward electrostatic deflection, whereas the larger tubes use 
magnetic deflection almost exclusively. In the 7-in, size both types 
are available, the 7EP4 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 screen 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."" In this regard it is unfortunate that in the 
completed cathode-ray tube negative ions, other than electrons, are 
present. Various experiments tend to indicate that oxygen and 
chlorine ions, 02— and Cl—, predominate in this category. 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) direct 
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. 

"It. M. Bowie, "The Negative-Ion Blemish in a Cathode Hay Tube and Its 
Elimination." Proc. IRE, 86, 12 (December 1948). 
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Why the presence of these ions is a source of trouble in magnetic 
deflection may be seen from eq. (3-17). In this case the deflection 
of any charged particle depends on its charge-to-mass ratio, E/m. 
Hence any ion of charge-to-mass ratio different from that. of the 
electron will be deflected by the magnetic field through a different 
angle than will be the electrons. Thus the scan pattern for the ions 
differs from that of the electrons. The final visible effect of the ions 
on the CRT screen will depend upon the type of focusing used in 
the tube. In electrostatic focusing as in electrostatic deflection, 
the focusing properties are independent of the E/m ratio of the beam 
particle; hence the ions as well as the electrons are focused onto a 
small spot on the fluorescent screen. Since the heavy ions suffer 
negligible deflection in the magnetic deflecting field, they continuously 
strike a small spot at the center of the tube face and actually burn or 
poison the screen at the point of impact so that it no longer gives off 
light. As viewed on the screen the ion blemish appears as a small, 

Fig. 3-17. The appearance of ion spot on the face of a cathode-
ray tube that employs electrostatic focus and magnetic deflection. 
The ion spot is the small, (lark circular area over the subject's left 
eyebrow. (Courtesy of Sylvania 111e(trie Products, Inc.) 
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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 magnetostatie 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 either 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 scene, 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. First, 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.2' 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 

21 D. W. Epstein and L. Pensak, "Improved Cathode Ray Tubes with Metal 
Backed Luminescent Screens." RCA Rev., VII, 1, 5 (Mara; 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-e 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 
YOKE 

ELECTRON L.on., ION BEAM, 

ELECTRON 
BEAM 

Fig. 3-18. An early ion-trap tube. The heavy ions are unaf-
fected by the deflection field and hit the fluorescent 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 saine 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 is 

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. 
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Fig. 3-20. The gun structure of the ion trap employed in the 
lal3P4 cathode-ray tube. (Courtesy of Proc. IRE.) 

In the interests of completeness the two types of deflection should 
also be compared as to focusing defects and the like, but these are 
problems more closely related to electron optics 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 deflecting voltage or current, depend-
ing upon the particular type of deflecting system being used. Fur-
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 beam to trace out this 
prescribed pattern. Since two directions in the scan are involved, 
these may be obtained by two pairs of mutually perpendicular fields 
as previously described. Hence, as a matter of convenience we may 
resolve the motion of the deflected spot as it traces out the standard 

scan pattern into horizontal and vertical components. These, in 
turn, will determine the shapes of the deflecting voltages or currents. 
Proceeding from the simple to the complex we first consider the 
geometry of a progressive scan. 

22 see, for example, I. (;. NIaloff and D. W. Epstein, op. cit. 
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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 Fig. 3-21. The picture 
is to be scanned from left to right and from top to bottom in a fixed 
number of lines, n. From 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, 

yr 

ti 

I  
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Nu, 

X - DEFLECTION 

y - DEFLECTION 

- 

NL: 

Fig. 3-21. Horizontal and vertical components required to produce 
a progressive sean pattern. 

that is, if it increases 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 electron beam, 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. 
Hence we require a vertical deflect Ii os which remains constant during 
the scan or trace portion of a horizontal line, then increases in the 
downward direction the distance of one line pitch during the line 
retrace interval, then remains constant during the next scan, 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 deflection. 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 n 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 Fig. 3-.22 shows that the compromise 

H 
V 

Fig. 3-22. The modified progressive scan pat tern with its saw-tooth 
horizontal and vertical components. 

is afforded by using a second saw tooth for the vertical defleetion. 

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 

2 See Linear Counter Circuit, chap. 11. 
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to the right. It is this compromise 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. 

Let 

(re) , = 

(Ti),. = 

V, = 

h = 

7), = 

vertical scan interval 

vertical flyback interval 

vertical (frame) period 
frame frequency progressive scan (3-24) 

vertical flyback ratio 

— - (7.) 

1 
then V„ = - fp (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 
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v  
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o 

Fig. 3-23. The blanking signal is made wider than the retrace 
int erval. 
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blanked interval. We shall call these "inactive lines" and designate 
their number by ni. The actual number of lines which are used 
actively for the presentation of picture information, no, depends upon 
the length of time the CRT grid is unblanked. Thus in Fig. 3-23, if 

Then 

and 

(T.), = vertical unblank interval 

(Tb),. = vertical blank interval 

b, = vertical blanking ratio 

(Tb), 
f1),. 

fla -   
(ri,),, 

nb,. 
71 - 

1 -I- b,. 

1 ± b,. 

(3-26) 

(3-27) 

(3-28) 

It may be seen that by having the blanking interval greater than 
the flyback interval a factor of safety is provided: picture data can be 
presented only on the linear portion of the scan 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. 

For the sake of completeness, we may also write down a similar set 
of definitions and equations for the horizontal sean. Thus, 

Let 

and 

then 

and note that 

(r.)h 

(rf)h 

H 

= horizontal scan interval 

= horizontal flyback interval 

= horizontal period 

= (re),, (r.r)h = ( r.)h(1 ± ph) 

(T.)b 
= horizontal blanking interval 

= horizontal unblank interval 

= horizontal blanking ratio 

(Tb)i, 

1 
H = n7.-p 

(3-29) 
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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 covered 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 succes,sive 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 scanning 
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 n 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 Fig. 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 figure we must make careful distinc-
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 clarification 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 bottom as they 
appear in the complete raster. It 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. 

Let 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 sean pattern with an odd number of lines. Suc-
cessive fields begin at points separated in time by one-half a line interval. (a) The 
ocld field. ( Li) The even field. 
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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 
linearly 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 le at the left edge of the raster. At this 
point line intervals 1 through 23 are completed. The succeeding 
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 G. 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 
is 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 II. The vertical retrace 
interval is divided as follows: one time unit during a horizontal 
retrace to point 1, 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 fields 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. It is illustrated in block diagram in Fig. 3-25 

MASTER 
OSCILLATOR 

2ft --11.-1 2: I 

FREQUENCY 
DIVIDERS 

ft 

2 ti ft 
n:i 7.r• = ff. 

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

where h is the horizontal scanning, or line, frequency, and fi is the 
vertical scanning, or field, frequency. It may be seen 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. Further details on the method of synchronization are covered 
in Chapter 11. 
As was the case in progressive scanning it is necessary to blank 

out the scanning beam during the horizontal 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 frequency to the control grid of the CRT. In 
commercial practice it is usual to make the blanking pulse somewhat 
longer than the corresponding 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. All 
flyback portions of the sweep in both the horizontal and vertical di-
rections have been blanked out. 

Let V = field period 

= — P2 = (r,), (T.av 

R3-9 

(3-30) 

1 1 = _ = 
2fp 

where fr is the field frequency. 

With reference to the blanking intervals, for interlaced scanning (Tb),, 
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, 

= nf, (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. It 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 zero 
flyback 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 c rather that at 

A RASTER 

I 

I 
— •=••-. 

r-• 

H SCAN 

V SCAN 

_ _ d 
—444— 

• fp • • 
• 
• I 

Fig. 3-27. Two-to-one interlace with an even number of lines. 
Notice that successive cycles 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 cycles 
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 scanned 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 circuits. 

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 principal 
relationships, taking into account general boundary conditions. 

Ebb 1(1/c)c 
(b) 

Fig. 4-1. The series R-C circuit is the basic circuit 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 t = 0 and 
charging from the battery Ebb 

(v,), = E,,,,(1 — E—gir) (4-1) 

= —Ebb e-tir (4-2) 

And similarly during discharge, where E, is the initial voltage on C 
at t = 0, 

78 
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(vr)d = E,E (4-3) 

E, 
Id _ (4-4) 

And in all four of the above equations 

E = Napierian base 

T = time constant of the circuit 

= RC seconds 

where R is given in ohms and C in farads. 
Now, in the general case, at I = 0 and with a battery in the circuit 

the condenser will have an initial voltage Er. 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 

U,- = E,. at t = 0 

then v. = (ye), ± (Vc)d = Ebb — (Ebb E e)E-tiT 

and, similarly, for the currents 

= ir ± id   E-t I T 

(4-5) 

(4-6) 

(4-7) 

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

Ebb 4-

2(Ebb-EC) 

Ebb 

Ec 

-t 
Ebb (Ebb EC) 6T (CHARGING) 

-t 

71(Ec - Ebb) e-T (DISCHARGING) 

(Ebb-Ec) E -tr ( CHARGING) 

-t 
Ec + E b6) (oiscHAPGING) 

3 

Fig. 4-2. Charge and discharge curves for the R-C circuit. 
E,. = initial condenser voltage, &I, = battery voltage, T = circuit 
time constant. 

Ec 
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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 seen that the change in condenser voltage or voltage 
swing is limited to the difference between battery and initial con-
denser voltages. 

4-2. 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, re, to 
charging time constant, 77,, were sufficiently small, the build-up of 
voltage would he approximately linear. At t = r, 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 ve builds up along the expo-
nential curve a. At t = ti, S is closed and ye decreases exponentially 

lk„Ax 

Ec 

a .-- c ...- e ...--- -- ..--_ .... -. ..-

b id gf 
i g g 
1 g I 
i g  

to t t2 t3 t4 ts to 

(b) 

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

R Rd 

R+Rd 

(a) (b) 
Fig. 4-4. The discharge circuit of Fig. 4-3 is simplified 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 12, S is opened again, and the cycle repeats itself. 
It is of importance to notice here that the charge and discharge inter-
vals, r, and rd, respectively, are determined by the operation of the 
switch. It is of further importance for future work to notice the 
equivalent 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 Rd 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. 4-4. From this it may be seen that (1) Ec, the voltage at 

Rd  
to, to, 14, etc., cannot be less than Ebb R Rd, and (2) Td, the dis-

charge time constant, is given by 

Td REd  c 
(4-8) 

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 Rd, the shorter will be the dis-
charge-time constant. This makes for a greater loss of condenser 
voltage during the discharge interval. 

rd = 12 - 11 = 1.4 -  13 = • • • 

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: First, what limits are placed on 
the ratio of charge time to time constant., rc/T.,.).-::11 isfy 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 

--- — (Ebb — E ) [1 — (0 2 — 11 13 ± • • • (4-10) 

Then, removing the f rst term from the brackets and factoring out 
(-1), we get 
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re = Er ± (Ebb — — (4,-)2 (iy_ • • I (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 

(iv, 1 Ebb — E l  
— = — (Ebb — E,)E—tir — (4-12) 
dt T T -It --o 

The first three terms of the power expansion are p otted in Fig. 4-5. 
Inspection of these curves shows that at least t/T, must be restricted 
to values below 0.5. This restrit•tion also simplifies calculations 
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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 v. time curve is the result of the second-order term 
alone, we may define the departure from linearity as the difference 
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between the ideal and actual curves expressed as a fraction of the 
available charging voltage (Ebb — Er). This definition may he sim-

plified as follows: 

(Ebb — — (Ebb — E) [(4) — (47)2] 

— — Er) 

= 1 (IY 1001'; 
2 \T,/ 

(4-13) 

By means of this equation we can determine the maximum permissible 
value of (tIT r) for any given degree of linearity. For 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/Te) 

will be 

(1)2 2 ≤ 0.02 (I) ≤ 0.2 

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

(Ebb — E,.) (1 ) 0.2(Ebh — Er) 

This last equation shows one of the principal disadvantages of the 
R-C circuit as a sweep-voltage generator. The choice of a low value 

of (1/Te) in the interests of linearity results in a poor conversion of 
available voltage (Ebb — Er) to sweep voltage, àec, the conversion 
ratio being approximately (tIT,). 
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 he 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 reference 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 â' 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 8' is 

= " 5 UT) r21- ( 47 )1 

= (4-14) 

0' and its components are plotted in Fig. 4-6. 

The allowable time ratio for a given á' may now be calculated. We 
choose a S' of ±1 per cent to correspond to the +2 per cent of the 
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Fig. 4-6. (a) The first two terms of the charging curve, and the 
reference of linearity. (h) The departure Friuli linearity plotteel 
on an expanded sea le. 

previous example. This with (4-14) yields a value of ((/ T,-) of 
approximately 0.4 and a corresponding output voltage swing of 
0.33 (Ebb — 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 5' is within the 

D. G. Fink, Principles of Television Engineering. New York: McGraw-Hill 
Book Co., Inc., 1940. 



§4-21 SCANNING GENERATORS 85 

limits of ±1 per cent, the actual percentage error between the actual 
and reference curves may rise to over 5 per cent within the range 

0 < —t < 0.4. Thus we shall consider the 0.4 figure to be the upper 
— Tc — 

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 

(-) is not to exceed 0.4, for any given charging interval, r„, the 
Tr 

circuit must have a time constant which satisfies the inequality 

r, 
= RC > --

0.4 
(4-15) 

We may now summarize the charge circuit by reviewing the design 
conditions. The r and h subscripts are omitted because the follow-
ing equations apply to either of the two deflection systems, the hori-

zontal or the vertical. 
Given Tb and ru for the system. r, and rf are chosen such that 

> r„ 

and T, ± T1 = Tb ± Tu 

Let r, = Ts and rd = r, (4-16) 

r, 
Then — 0.4 

This specifies the R-C product. 
It remains to consider the discharge part-cycle, which is easier to 

handle because no linearity requirement need be met. The chief 
concern is to make Ec as small as possible, and from Fig. 4-2 we see 
that if t/Td is 5 or greater, this will he accomplished to all intents. 

Thus, if 

then 

Td — RR d  e < rd 

\R Rd) Rd  

Ec = Ebb R 

(4-17) 

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 



86 CLOSED TELEVISION SYSTEMS [§4-2 

will be considered after we have found a means of replacing the 
manually operated discharge switch. 

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 circuit and may be termed a constant-current-charging circuit. 
In Fig. 4-7 the charging resistor of the previous circuit is replaced 

Fig. 4-7. Constant-current charging circuit 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 Ir. Then, since the voltage across 
the condenser is the time integral of charging current, 

= f I,dt = It (4-18) 
0 

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



§4-31 SCANNING GENERATORS 87 

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 sect ion 4-2, namely, what automatic circuit or device 
can be used to replace the discharge switch S shown in the last two 
circuit diagrams. Such a switching device must meet a minimum of 
three requirements: 

(1) It must have a relatively low internal resistance, Rd, 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 are 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 

--•••_ SY NC 

(a) (b) 

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

voltage allows the arc to be established. This conduction allows C 
to discharge until its voltage drops to the extinction voltage for the 
gas-triode, causing the arc to be extinguished, and the charge cycle 
is reinitiated. The current 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. Once the arc has been 
established by the grid going above its critical value, the gas mole-
cules in the tube envelope ionize and the arc 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 occurs after the reduction of anode voltage is 
termed the deionization time.2 

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 ve 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. Kock3 has described such a circuit 
in which plate-to-grid feedback is provided by the resistor R2, shown 
in Fig. 4-8b. If RI and R2 are approximately equal, the ignition 

2 J. Millman and S. Seeley, Electronics. New York: McGraw-Hill Book Co., 
Inc., 1941. 
3 W. E. Kock, "A Stabilized Sweep Circuit 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. Kock 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. (h) 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 Ebb 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 



90 CLOSED TELEVISION SYSTEMS 1§4-3 

pulse, C, charges through 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 Cr 

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 cycle repeats itself. Notice that the discharge 
current flows in such a direction that the voltage drop across R, makes 
the grid negative relative to the cathode. After a sufficient number of 
cycles have occurred, a steady state or repetitive condition exists, such 
that the charge lost by C, 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 is clamped at nearly 
zero volts on the grid. The action may be summarized this way: 
The applied positive, triggering pulse causes the grid to swing between 
cutoff and zero voltage, thereby controlling the charge and discharge 
of the R-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 circuit we require the value of 
the discharge resistance, Rd, 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 Ebb and R are known, the point A, the intersection of the 
d-c load line and the e = 0 static plate characteristic curve, may be 
determined as shown in Fig. 4-9h. Then Rd is the ratio of E1 and II, 
the voltage and current at that point. 
We may now consider the design of a typical sweep-generating 

circuit to illustrate our work this far: 
Design a horizontal saw-tooth sweep generator where the line 

interval is 63.5 microseconds and the flyback ratio 1 to 19. The 
linearity is to remain within the limits ± 1 per cent. A supply voltage 
of 250 volts is available and a 6SN7 is used as the discharge tube. 
We first calculate the values of the R-C charging circuit. Thus, 

by the specifications, 
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H = rf = r„(1± p) 

119\ 
or r, - 1  - 63.5 (-20) = 60.4 microseconds 

p 

r . 60.4 
then T. = RC' = _ — — 151 microseconds 

0.4 - 0.4  

As a starting point let us assume a value of C, thus, 

C = 100 micromicrofarads 

151 X 10-6 
then R - - 1.51 megohms 10-10 

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

E1 8 X 103 
Rd - - 0.2 - 40 kilohms /1  

The discharge time constant will be: 

T d = R dC = (4 X 104)(10-1°) = 4 microseconds 

It is at once apparent that the discharge interval, TI, is not five or 
more times greater than the discharge time constant, Td; therefore 
we cannot assume that the condenser discharges to ER/(R ± Rd) 
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-cycle, namely 

Ebb - (Ebb - 

must be the initial condenser voltage at the beginning of the next 
discharge part-cycle. Thus, we may equate these two boundary 
values and obtain by means of eq. (4-6) 

Rd  E, = Ebb R Rd — {Ebb R Rd — [Ebb — (Ebb — Ec)E—T1E—Tied 
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whence 

Er — (1 _ 

[  Rd 

Ebb 

R Rd 

where Er is the minimum voltage to which the condenser discharges 
Substitution of the various quantities yields the value 

Er = 60 volts 

and the total sweep voltage swing will he 

.33(Ebb — Er) 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 sean at pickup and playback 
ends. Extending this idea we can anticipate that both horizontal-
scan 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 sync will 
upset the scanning pattern but the spot will continue to be deflected 

(1 — — 'f/T d) e—,,/Te — e—(*./T.-+Tfird) 
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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,4 which yields design equations, is that which considers the 
circuit as comprising two switches. On this basis assume that V1 is 
conducting and that C2, which has been charged previously, is dis-
charging through V1. The return circuit for this discharge current 
is through R2 and a negative voltage is developed across R2, which 
appears on the grid of V2. This state, during which V1 is conducting 

' E. R. Shenk, "The Multivibrator," Parts I, II, and III. Electronics, 17, 1, 2, 
and 3 (January, February, March 1944). 
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and V2 is cut off, prevails until the decrease in current through R2 
causes the voltage developed on the grid of V2 to reach cutoff, when V2 
conducts. The resulting drop in plate voltage of V2 is coupled 
through Ci to Vi, driving it below cutoff. Then a similar state pre-
vails, except that V2 and Vi have interchanged rôles. At the instant 
when V2 begins to conduct, C2 begins to charge through R2, causing 
the grid of V2 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 ri and 72, respectively, where 

-= interval during which Vi is cut off and V2 conducts 
and (4-19) 
T2 = interval during which V2 is cut off and Vi conducts 

The change from one state to the other will be assumed to take place 
instantaneously. Thus each tube is in one of two static 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 circuit is in the r2 part-

cycle, i.e., V2 is cut off and Vi is conducting. Also assume that V2 
has been cut off for a sufficiently long interval that Ci is charged up to 
the full supply voltage E. Some transient causes the switching 
action to occur, and the plate voltage of V2 drops. Since this causes 
the voltage on the V2 side of Ci to decrease, Ci will start to discharge 
through the equivalent circuit, given in Fig. 4-11. The arrow direc-

R ; = FRP2: 4 

err) Ebb 

INITIAL VOLTAGE ON C1 = Ebb 

Fig. 4-11. Equivalent discharge circuit of C, during the interval ri 
when VI is cut off. 

R P2  



§.4-41 SCANNING GENERATORS 95 

tion of current is chosen to he the same as that defined for the series 
R-C circuit in section 4-1, and 

Re -- equivalent static-plate resist anee of V2 
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 

R 92 e 
= [Ebb 

Re 

Ebb  r  R4  e-t/ri 

± R4 R1 + R4' 

R1 + R4' Pie ± R4 

where T1 = discharge time constant for C1 

= (R1 R R4')C4 

and R4' — Re 2R4 + R4 

t (4-21) 

By inspection of the circuit diagram the grid voltage on V1 
drop across RI. Thus, 

= grid voltage on V7 

EbbRi R4  
—t/Ts 

± R4' Re ± R4 

Ebbkie — 1/T I (4-22) 
where 

is the iR 

R1 R4  

ki — R92 —I— 11„ .1  " for generally Ri > > R4' (4-23) 
2 

R4 

Equation (4-22) shows that the grid voltage on VI starts at (— IciEbb) 
and increases (i.e., becomes less negative) exponentially in time. 

If Ece is the cutoff voltage of the tube, at 

t = 71 ei = Ern (4-24) 

and Vi conducts, simultaneously terminating the ri part-cycle and 
initiating the 7-2 part-cycle. Substitution of the terminal condition 
in (4-22) yields 
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ec, 

o 

Eco, 

Ebb 

Fig. 4-12. The grid voltage on 1", increases exponentially 
toward zero until cutoff voltage is reached at t = n. 

I,, .o1 = kjEbbE (4-25) 

Simplification of the design equations results if we define a cutoff 

amplification factor 
Ebb 
= - (4-26) 

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

T1 - ri (4-27) 
In (k1 01) 

Now subject to the same assumption that C2 starts to discharge 
from an initial voltage equal to the supply voltage Ebb, we may write 
down a similar set of equations which govern the discharge of C2 
during the r2 part-cycle. Thus we have 

T2 -= discharge time constant for C2 (4-28) 

(R2 -I- R3')C2 

Rali _ 
R3 + Re 

= equivalent static plate resistance of 
Vi during conduction 

R2 R3  
12 - 

R2 ± R3' Re ± R3 

(4-29) 

for generally R2 > > Re (4-30) 
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and 

p,0,2 = cutoff amplification factor of V 

Ebb 
- 

E..02 

72  
T2 — 

In (4402) 

(4-31) 

(4-32) 

The frequency or pulse repetition rate of the output will be 

1  
- (4-33) 

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, Rp1 and 42, and 
the cutoff amplification factors, proi and 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. 

= - ARC TAN* 

E1 Ebb eb 

Fig. 4-13. Lictermination of km and /.4.0 from the il lc plate 
eharaeteristics of VI. 

ilea 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 (lata to cover this, but for most 
design problems the method indicated in the figure for calculating 
geot is sufficiently accurate. 
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Re is evaluated on the basis that VI conducts with approximately 
zero volts on its grid and with a plate voltage E1 equal to the supply 
voltage minus the drop in the plate load resistance, or 

then 

E1 = Ebb — 11R3 

E1 
Rpl = 

(4-34) 

(4-35) 

where both E1 and Ii may be determined from the plate characteristics 
when Ebb and R3 are given. It should be apparent that Ra and 11,a 
are evaluated in the same manner from the plate characteristics of V2. 
Generally I-1 and 12 are identical halves of a twin triode such as the 
6SN7 or the 6SI.7, in which case 14,01 and 1402 will be identical. The 
static plate resistances will also be equal, provided that R3 and R4, 
the plate load resistances, are the same. 
Now it might appear that eqs. (4-21) through (4-35) can be manipu-

lated to permit design of the multivibrator for given values of 11 and 
T2. If this were true, it would appear that some control could be had 
over the shape of the output waves because the ratio of ri/T2, for 
example, determines the shape of ed. This is illustrated in Fig. 4-14. 

o 

ECO, 

 r, t 

ec, 

Eco, 

(b) 

Fig. 4-14. Effect of ri/Ti on the wave form of grid voltage. 

(a) ri/Ti small: 
(h) ri/Ti large. 

Unfortunately the statements of the last paragraph are not true 
because all of the design equations presented above presume that 
C1 is charged to Ebb at the beginning of the Ti part-cycle, and C2 is 
charged to Ebb at the beginning of T2. These two assumptions must 
be met or the foregoing equations are invalid. Hence we now in-
vestigate the charging of CI during the interval T2. It will be seen 
that this will place a restriction on the upper limit of the product 
(Rgi R4)Ci. 

First we note that the final charge on CI at the end of Ti must be 
equal to the initial charge on CI at the beginning of the 1-2 interval. 
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This transition value of condenser voltage I'd may be obtained by 
the application of Kirchhoff's voltage law to Fig. 4-11. R4' will 
generally be negligibly small compared to RI, thus at t = T1 

R  
17,1 = Ebb I" E (.01 

142 ± R4  

= initial voltage on CI 
at the beginning of the r2 part-cycle. (4-36) 

During 72 the equivalent charge circuit for C1 is that of Fig. 4-15. 
The direction of the charge current i2 is such that eri goes slightly 
positive and grid current flows in the tube. Rg1 is the equivalent 

CI R4 
HIV\At-r 

Rg, 1500 Cl 
(a) << R, (b) 

Fig. 4-15. Equivalent, charge circuit of CI during the interval r2 
when V2 is cut off. 

static grid resistance of the tube and generally is in the order of 
1500 ohms. R1 is usually very much greater and Fig. 4-15b shows 
the approximate circuit where the shunting effect of R1 across Re is 
neglected. 

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

= Ebb — (Ebb — ri)E—IAR0-1-- 41et 

But our design assumption is that at t = 12, V = Ebb, hence 

Ebb = Ebb — (Ebb — V d )E —,2/ (R Rt)el 

(4-37) 

or [k1 — --1 = 0 (4-38) 1 

Theoretically this condition cannot be satisfied unless the time con-
stant for the circuit is zero or ro is infinite. These conditions are 
impossible to satisfy but a good engineering compromise is possible 
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because the term in the brackets will always be less than unity. 

Thus if  T2  > 5 the left-hand member of eq. (4-38) will not 
' (Ro W I - 

exceed 0.01. This will be assumed satisfactory. Hence, a maximum 
value of C1 may be specified 

- 5( /?0 R4) 

T2  

and, similarly for the other half-circuit, 

r1 

5(/42 + R3) 

We see, then, that the intervals ri and r2 are determined by the 
charging time constants T1 and T2, respectively. But since CI must 
charge to supply voltage while C2 is discharging during 71 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 rj, r2, and Ebb. 

(1) Pick a tube, generally a 6SN7 or 6SL7. 

(2) From Ebb and the tube characteristics calculate irO1 and ;3«,2. 

Where double triodes are used, these two values are equal. 

(4-39) 

(3) Choose R4, 

(4) Calculate 

(5) Calculate 

(6) Calculate 

generally not to exceed 50 to 100 kilohms. 

E 
Rp2 = — 

2 12 

R 
1 1 1 

" 

1  
k1 - 

+ 
R4 

(4-40) 

(4-35) 

(4-21) 

(4-23) 

ri  (7) Calculate - (4-27) 
ln ( kiii,..1) 

(8) Since R1 must be at least 10 kilohms or more in order to validate 
the assumption that it has negligible shunting effect on Ro, choose 
R1 > 10 kilohms. Then 
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T1  
C4 — 

(R1 R4') 

(9) Check that C1 is less than C1 max which is given by 

CI nvtx 72  —  
5 (Rgi ± R4) 

(4-21) 

(4-39) 

If this condition is not satisfied, assume a larger value for R1 and 
repeat step (8). The right-hand section of the multivibrator is then 
completed. The procedure is then repeated for the left-hand section. 

In regard to the latter it is sometimes possible to choose R3 = R4 
and R2 = R1 and a simple set of equations for the left-hand section 

results. Thus if 

and, from (4-27), 

From (4-21) 

R3 = R4 and R2 = 

k2 = kl 

T2 72 
TI T1 

T2 72 
C2 = = .7.; (4-41) 

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. For example, Fig. 4-16a shows the 

8 

1:1 7 
3.0 

••—• v.- 2.5 

1-7 2.0 

,.5 

1.0 
0.5 

I 

... .... — — (a) 
.., .., 

55L7 

' ( 150 V Ebb '5 250 V (b) 

1 I l I I 
0 4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 

R3(:14) IN KA 

Fig. 4-16. Dt•sigti curves for the multivibrator. (a) Rp for a 
6SN7 (dashed line) and a 6SL7. (b) TIr for the same tubes, after 
Shenk. (Courtesy of Efeetronies.) 
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variation of Rp2 with R4 for a 65N7. For a given Ebb, µea s constant 
and k1.4,01 is a function of R4 alone. Thus, from (4-27), TI/Ti 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 k1/R4 remains constant over the normal range of Ebb, as indicated 
in the figure. 

It must be stressed that the design procedure just outlined neglects 
the effects of shunt capacitance and hence takes no account of the 
rise time of the output wave forms. Furthermore 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 C1 and C2 charge up to the full battery voltage E. This con-
dition does simplify the design equations and certainly the method 
is useful in illustrating the manner in which design of the multivi-
brator may he handled. 

Let us now apply our results to a typical problem: Design a free-
running multivibrator for which r2 and r 1 are 70 and 5 i2sec, respec-
tively. A 6SN7 is to be used and a plate supply voltage of 250 volts 
is available. 

(1) Choose a 6SN7. 
250 

(2) From Fig. 4-9, 14.1 = = —16 = 15.6. 

(3) Since the time intervals involved are comparatively short, 
we choose a value of R4 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 Re. 

R2 = 9.9 kilohms 

5) 1 1 1 1 1 \ 
1°-3 

= (0.101 + 0.025)10-3 = 0.126 X 10-3 

R4' = 7.94 kilohms 

1-iruyz  1 +1-9.9 1.247 

1  
(6) k1 - 1  „ - - 0.802 

'R4 40 

k2m,. = (0.802)(15.6) = 12.5 

(7) Ti _  r  — 5 X 10-6 5 X 10-6 1 985 sec 
in (kigro) ln 12.5 2.52 — e` 
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(8) Let R1 = 10 kilohms 

Then Ci -  
Ri R4' 

1.985 X 10-6 1.985 X 10-6 

- (10 ± 7.94)103 - 1.794 X 104 

7-2  70 X 10-6  
(9) C1... 5(Ro + R4) - 5(1.5 ± 40)103 

70 X 10-6 
- 337 lad 

- 5(4.15)104 

Hence the calculated value of Ci is satisfactory. 

For the left-hand portion of the circuit, 

(10) Let 

and 

R3 = 

R2 = 

Then C2 = C1 = 110 (.)) = 0.00154 

Since Rgi = Ra, it is clear that 

c2 ma. = ci In. r2 
T2 

110 plaf 

= 337 (i0) = 24.5 µid 
7 

Notice that in this case the simplified design procedure fails (as it 
usually will unless ri r2) and we must repeat the longer design. 

(10a) Since ri < 2-2 we must find some means of raising the value 

of C2 maX• We see from eq. (4-40) that this may be accomplished 

by choosing R3 less than its previous value. Hence let 

R3 = 20 kilohms 

(11) From Fig. 4-16a, I?„1 = 9.25 kilohms 

1 1 1 ( 1 1 
(12) 

R3' Ro R3 9.25 20 

= (0.108 ± 0.050)10-3 = 0.158 X 10-3 

R3' = 6.33 kilohms 

1 1 1  
(13) k2 - R 9.25 - 1 - 0.688 .452 

1 ± —E 1 + 
R3 20 

kw«, = (0.688)(15.6) = 10.72 
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r2  70 X 10-6 
In - 2.37 - 29 .:3 (14) T, _  µsec 

(15) Let R2 -= 10 kilohms 

then 

T2 29.5 X 10-4 29.5 X 10-6 
C2 - 1.81 X 10-4 f 

R2 ± R3' - (10 -I- 6.33)103 - 16.33 X 103 - 

i (16) C2 max r  5 X 10-3  
5(Rg2 ± R3) - 5(1.5 -I- 20)103 

5 X 106  
- 0.465 X 10-w f 

5(2.15) X 104 

It is clear that our choice of R2 is too low since C2 > C2 max. To 
overcome this difficulty the time constant of the R3C2 charging circuit 
must he raised. Comparison of the last two equations indicates that 
1 megohm is a good choice for R2. Then 

29.5 X 10-6 29.5 X 10-6 
(17) C - - 29.4 md 

2 106 -I- 6.33 X 103 - 1.006 X 106 

This completes the design of the multivibrator. 

4-6. The Order of Magnitude Equation 

Frequently various texts give the following equation for the order 

of magnitude of the n-ailtivibrator pulse-repetition rate: 

1 
f - RIC, + R2C2 (4-42) 

It may be shown quite readily that this equation is correct when the 
following conditions are met. 

If = e 

then 7-1 = T1 (4-43) 

and if RI > > Ra' 

then T1 = RIC' (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. Given 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 ri interval condenser Ci 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 12 interval on the other hand, Ci is charging as shown in 

Fig. 4-15. Application of our previous equations shows that during 
this part-cycle ed will be given by 

D bb uring 72 e,, —   L(k1 — —1 )E—iikuo+Roci (4-45) 
R01 ± R4 geol 

The positive spike represented in the diagram as lr„ will be 

Rei 
R4 — 

(1. _ 1 ) 

R014- 'bb 

And the final voltage 1 h will be 

lb = ed] f = = 

(4-46) 

(4-47) 



R3 

, Ebb- e b . 

T  
Fig. 4-17. chi may be cal-

culated during ri when C2 is 
charging. 

and 

Vd 

ea' = Ebb — 3R 3 
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\L hen the tube is not conducting. An examination of the circuit 
diagram will show that this cannot be 

true because during that same interval C2 
is charging and the charge current which 
flows through R3 produces a change in 

L, the plate voltage which is exponential; a 
hence the actual shape of eb1 can be cal-
culated by analyzing the condenser dis-
charge circuit, which is similar to that of 
Fig. 4-15. We have from Fig. 4-17 that 
during Ti 

R3  7 2 1 ) 
= Ebb [i E -/AR0-1- ROC? 

R 92 ± R (K 3 o2 

V e = em] 
= 0 

= Ebb [1 Ria +. R3  

1 
emi = Ebb[1 R02 ±  R3 (k2 1 —) E Rt) 2,02 
t = 

(4-48) 

(4-49) 

(4-50) 

Actually the last equation may be simplified considerably, for from 
the assumption that C2 becomes fully charged during ri (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: 

R3  
± R3 < 

(kg — < 1 

Thus, for all practical purposes, 

Vd = Ebb 

(4-51) 

(4-52) 

From the above it would seem that em during 12 could be calculated 
by setting up the equivalent discharge circuit for C2, but as a practical 
matter this is unnecessary for, during r2, V1 is conducting and the 

condenser discharge current in R3 is negligibly small in comparison 
to the plate current of the tube. On this basis and assuming e, = 0, 
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during 1.2 
ebl = R „ R3 

and remains constant at this value throughout the entire part-cycle. 
This is represented by the solid line in Fig. 4-18. But we have 
previously seen that during r2 the grid of V1 is positive and varying, 
and not constant at zero as assumed above. This means that RA 

Ebb 

(4-53) 

( b) 

Fig. 4-18. Wave forms on VI. (a) Grid voltage. 1% and 1% are 
exaggerated. (h) Plate voltage. The dotted curve shows the 
effect of variation in Re 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 r2 
causes a slight dip in plate voltage below the value specified in (4-53) 
at the beginning of the T2 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, 
and the voltages obtûined would be of the same general shape as 
those in Fig. 4-18, except that cutoff would occur during T2 and 
conduction (luring ri. It should be emphasized that the plate wave 
forms can he made more steep than those in Fig. 4-18 by proper 
design of the appropriate T/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, i.e., a multivibrator whose frequency 
of operation is dependent entirely upon its own circuit 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. Shenk5 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 
multiv,ibrator 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 V3, the discharge tube, and V2 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 

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

5 E. R. Shenk, op. cit. 
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for the same interval of time. Cfi charges when V3 is not conducting. 
It follows, therefore, that T2 of the multivibrator and re, the charging 
time of Cfi, will be equal. If a free-running system were permissible, 
the design equations which have been given would permit calculation 
of all the circuit constants in the diagram. It should be noticed, 
however, that the parallel connection of the V2 and V3 grids would 
lower the effective grid resistance of V2, 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 r2 part-cycle, ec2, the grid voltage on V2 drops to 
( — kebb) and then builds up exponentially, the part-cycle ending 
when ec2 reaches the cut-off voltage corresponding to the given value 
of E. If, now, the multivibrator were designed for a T2 greater than 
Tc, V2 could be forced to conduct at any time less than r2, say at 
Tc, by the application to its grid of a positive-going, externally sup-
plied voltage of proper amplitude, as shown in Fig. 4-20. The 

rc 
o 

E co2 

ec 2 

r2 

ec2 

-k2 -k2 Ebb E 

Fig. 4-20. Tube V.2 of free-running Fig. 4-21. A square synchronizing 
cutoff interval r2 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 V1 is cut off, r1, would be unaffected. Hence the 
frequency of operation would become 

1  

T1 + Tc 

(4-54) 

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



110 CLOSED TELEVISION SYSTEMS [§4-8 

frequency of the multivibrator must be less than L and the synchro-
nizing signal must be of sufficient amplitude to satisfy the relationship 

- k2Ebb€ -"in esyn. = E 02 (4-55) 

Two further aspects of synchronization 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. If the sine wave 
be chosen, (4-55) becomes 

- k2Ebbe-'r/T2 + E. sin (coRt -I- 4)) = Ece. (4-56) 

from which it may be seen that the chances for poor synchronization 
are large because any slight variation in E., 4,, 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 criticism because the resultant voltage of exponential 
plus square pulse is not flat-topped, and circuit variations will permit 
V2 to conduct at different points along the top of the pulse as shown 
in Fig. 4-21. 
When a pip is used as the sync voltage on the other hand, V2 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 occur because of its extremely short rise time. For these 
reasons the pip is most desirable as a sync 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 circuit will tend to load some portion of the multivibrator 
circuit, and this loading effect must be included in the multivibrator 
design. Generally, this effect will result in the lowering of the effec-
tive values of RI, R2, R3, and R4 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, RI and R2, generally have the highest values 
of all the circuit constants. Hence any injection circuit connected 
to the grid will have maximum shunting effect. 

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

Ebb 
R4 

(b) 

Ebb 

SYNC 

-BIAS 

Fig. 4-22. Typical saw-tooth voltage generators employing the 
multivibrator. (a) Circuit employing positive-going sync. V4 is 
normally cut off. Sync injection has negligible effect on the circuit, 
constants. (b) Circuit, employing negative-going sync. V4 is nor-
mally conducting. The design is modified by R„4, which shunts the 
plate of V, to ground throughout the entire cycle. (c) The separate 
sync injection tube is eliminated. l'a serves as sync injector anti dis-
charge tube. 
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V4 is normally biased beyond cutoff and hence appears as an open 
circuit to VI and V2. During 73 the plate of V2 is at battery potential. 
At r, the sync pulse causes Vg to conduct and its plate current flowing 
through Rg causes eb2 to drop momentarily. This drop coupled tu 
the grid of V1 causes the latter to cut off and the multivibrator 

circuit switches. 
The circuit at c is interesting because the functions of injection 

and triggering the sweep circuit R5C5 are combined in the single 
tube V3. The operation of the circuit may be thought of in the 
following manner: In the presence of synchronizing pips, the dis-
charge of C5 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) 
C6 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 Cg. 

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. Furthermore 
the bias would be produced by the flow of grid current charging CI 
during the positive half-cycles of grid voltage, and then by CI dis-

charging through Rg 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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+ (a) (b) 

Fig. 4-23. Blocking oscillators are forms of tuned-grid oscillators. 

o 

o 

E 0 

A A 
Wave forms in the blocking oscillator. 

113 

R„C1 is increased, the voltage across R, resulting from the discharge 
of C1 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 slope.6 Such methods are usually 

6 I. G. Maloff, and D. W. Epstein, Electron Optics in Television. New York: 
McGraw-Hill Book Company, Inc., 193S, 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,C2, cutoff voltage, and the charge accumulated by CI 
during the pulse. From the diagrams we may write 

i. 

° 
E0 — f dl (4-57) 

%.2 o 

and E,0 = Ed - "/ (4-58) 

In practice it is customary to use a transformer which provides the 
necessary value of ri, and to adjust R, and C1 to give the proper value 
of T.2. Typical values of resistance and capacitance for television 
applications are given below: 

Application I?„ C1 

60 cycle, vertical sweep 1 megohm 0.005 pf 
15,750 cycle, horizontal sweep 60 kilohms 470 µid 

Since T1 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 n 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 Ti and r2 part-cycles are governed by the transformer and 
the H0C1 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 
transformer winding in use. Overshoot of this type may be elimi-
nated by deriving the output from a resistor in either the plate or 

Sec Cruft Electronics Staff, Electronic Circuits and Tubes. New York: 
McGraw-liill Book Company, Inc., 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 72 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. 4-25.9 The 

8+ 

Fig. 4-25. Blocking oscillator sweep-voltage generator. The saw-
tooth voltage is developed across C4 when the tube is nonconducting. 

addition of the R4C4 combination in the plate circuit of the blocking 
oscillator tube, VI, eliminates the need for a separate discharge tube 
because C4 charges during r2 when Vi is cut off, and discharges during 
Ti when the tube is conducting. Sync injection is obtained from R21 
which is common to the plate circuit of V2 and the grid circuit of VI. 

The variable portion of Ri 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 

8 T. Soller, M. A. Starr, and G. E. Valley, Cathode Ray Tube Displays, M.I.T. 
Radiation Laboratory Series. New York: McGraw-Hill Book Company, Inc., 
1948. 
9 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 electron 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 seem, then, that linear 
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. For such 
tubes the plate resistance is not sufficiently high to justify the as-
sumption i„ = gmeg. 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 be 
placed in the plate circuit of the driver as shown in Fig. 4-26a. Then, 

¡YOKE 

REST 
POSITION 

}D 

(d) (b) 
Fig. 4-26. Direct coupling of the deflection yoke to the driver tube. 

(a) Circuit. (b) Required deflection is 2a. 

since the d-c plate current flows through the yoke, a spurious d-c 
deflection of the electron beam will occur unless the no-signal plate 
current is zero. This, in turn, means that during the sweep cycle 
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° be 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 nonlinemity 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-

}YOKE 

REST POSITION 

(a) (b) 

Fig. 4-27. Transformer coupling of the deflection yoke to the 
driver tube. (a) Circuit. (b) Required deflection is a 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 beam on the 
face of the CRT. Third, the actual yoke current may be alternating 
and the design may be based on a half-angle deflection, a, 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 driver 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.1° 

10 For a more rigorous analysis which includes transformer leakage reactance, 
see A. W. Friend, "Television Deflection Circuits." RCA Review, VIII, 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 c; both forms of 

eb 
Ebb 

Ebb 

Ts Tr. 
( b) 

(C) (d) 

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. 
(c) 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 

dib 
e = L — 

(It 

and the corresponding instantaneous plate voltage will be 

, dib 
eb = Ebb — L — 

di 

(4-59) 

(4-60) 

From these equations we see that an increasing it, (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. From these it may be seen that the second 
system shown at c and d provides a means of effectively "boosting" 
the d-c 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 

seen 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 Fig. 4-28 shows that this condition is met by the plate 
current which increases during the scan part-cycle. 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. 

4-1 1 . 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 c is 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 Deflection of Kinescopes." ¡'roe. IRE, 35, g 

(August 1947). 
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(a) 

L = n2 Ly 

R = 
R,+n2(R2+Ry) 

(b) 

Lp 

p 

(C) o (d rs 

Fig. 4-29. Simplification of the transformer-coupled driver plate 
circuit. (a) The basic circuit. (b) Equivalent circuit referred to 
the primary side of the transformer. (c) Equivalent 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 the 
operating point 

n = primary to secondary turns ratio 

RI = transformer primary resistance 

/1), = transformer secondary resistance 

R„ -= yoke resistance 

1,„ = yoke inductance 
> (4-61) 

i„ = peak-to-peak plate deflection current = —n 

î = peak-to-peak yoke deflection current 

R = n2(R,, ± R2) + R1 

L = n2.1.„ 

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. 4-29c, we get 
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di 
µe, = i,(R, R) L 

dl 

or e. = (R, R)1] for 0 < t < T. 
lira 

(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 t = 0 jumps to a value i,L/mr, and then 
builds up at constant slope in time until t = Ta. Such a voltage, 
which may be said to be trapezoidal in form, is depicted in Fig. 4-30. 

o Ts 
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. 

4-12. 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 

E bb 

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

M.I.T. Radar School Staff; Principles of Radar. New York: McGraw-Hill 
Book Company, Inc., 1946. 
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developed across the combination of R4 and C4. As before, let E, be 
the initial voltage on C4 before the switch is closed, and T, the 
charging time constant. 

Then e = e, iR4 

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

eo = Ebb — (EN, — E,)  R3 E-fln 
113 ± R4 

Ebb 

(Ebb- Ec)R3 
R3 +R4 

A 

Ec 
o 

•-(Ebb-Ec) R3 

R3+ R4 

-(Ebb-Ec) 

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

(4-63) 

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, i.e., the value of eo 
at the instant the switch is closed is: 

R3  
(e.)0 = Ebb — (Ebb — 

R3 + R4 

R4  = E, -I- (Ebb — E,) (4-64) 
R3 ± R4 

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

R4  
(Ebb — E,) (4-65) 

R3 ± R4 

Since the output of the trapezoidal generator will be coupled usually 
to the grid of the driver through an R-C network, the d-c component, 
E,, will be removed. Thus for design purposes it is convenient to 
express eo 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 Ec. The net effect in the circuit, then, is that the 
net battery voltage has been reduced from Ebb to (Ebb — Ec). 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 

R3  
e. = Ec (Ebb — E,,) (i R3 ± R4 e-i/T) (4-66) 

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

ë 0 = e0 Ec 

= (Ebb — E,,) (i — R3 (4-67) 
R3 ± 114 

T c 

T Ec 

4 

E bb e, 

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

Ebb 

(Ebb-Ec)R3 
R3+R4 

o 

Fig. 4-34. The varying component of output voltage of the trape-
zoidal generator. 
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éo is plotted in Fig. 4-34, which may be seen to be the same as Fig. 
4-32, with the single exception that all the ordinates are displaced 
downward by the voltage Ee. 

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/Te 
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 t is restricted so 
that 

(4-68) 

éo = (Ebb E0) [R3 R-F4 R4 ± R3 R+3 R3 (Ttc)] we get (4-69) 

Since éo 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 t, we get 

For t°, 
R4  

(Ess Ec) 
R3 + R4 - 

(4-70) 
(Ebb - E0) R3  

For 1', -P- (R3, R) 
Tc R3 + R4 gra 

Generally R3 > > Re, so that these equations may be rewritten as 

(Ebb - Ec)11 (4-71) 
Rs pr. 

and, substituting for Te = (R3 + R4)C4 R3C4, 

(Ebb - Ec)  
— (R„ -F R) (4-72) 

R3C4 Ars 

Then, dividing (4-71) by (4-72), we get 

R4C4 - 
R 

= Ti. = time constant of driver plate circuit 

In order to meet the linearity requirements of (4-68) 

r, < 0.4Tc 0.4R3C4 

or C4 
n 0.4R3 

(4-73) 

(4-74) 
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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 R3 be 
assumed (this will generally be 1 to 2 megoluns), R4 and C4 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 (Ebb — E0) 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 
Ec, at any time, t, the voltage will be, by eq. (4-10), 

1 ( )2 + (Tty ...1 
v, = Ec -I- (Ebb — Ec) [4—,c — 

Now we have assumed a r8/T0 ratio of 0.4 in order to ensure linearity; 
thus at t = r, the condenser voltage will be 

= Ec (Eu, — Ec) X 0.4 

or (v,), = 0.6E, ± 0.4E66 (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 R4 and C 4 as shown in Fig. 4-35a. After the circuit has 

Ebb 

(a) (ID) 

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

(c) 

during dis-

C4 

R3Rci 
R3+Rd 

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 
circuit of Fig. 4-35c we may write 

Ta — R3R d  .a4) 4 
R3 n 
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but 

SO 

R3 > > Rd 

T (Rd + Rea 

ee-••• RdC4 TL 

Rd  
and Ebb R3 + Rd 0 

Hence we have the result that during discharge 

v, = (0.6E, + 0.4Ebb)e -t/Ta 

and at t = rd 

1 (4-76) 

y, = E, = (0.6E, + 0.4Ebb)E -'d/Ta (4-77) 

These equations may be arranged into a design procedure. With 
rd, rg, ip L, R,„ and R given 

(1) Choose R3, nominally 1 to 2 megohms. 
(2) Calculate Rd by the graphical method illustrated in Fig. 4-9. 

An approximation is involved here because the exact value of Ebb 
is not known as yet. 

(3) Calculate al from eq. (4-74). 
(4) Calculate TL and R4 from (4-73). 
(5) Calculate Ebb/E, = k. 

From (4-77) 

or 

(6) Calculate Ebb. 

Ebb 
ed/Ta = 0.6 0.4 — 

E, 

Ebb 
k = E—, = 2.5(€ /Td - 0.6) 

From (4-71) Ebb (1 EEbb, R4 itUri 

R3 
or Ebb -   

(1 - -1-1c) idT, R4 

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: 

(4-78) 

(4-79) 



§4-1 2) SCANNING GENERATORS 127 

Deflection yoke: 
Ly = 50 millihenrys, R„ = 65 ohms, f = 320 ma 

Transformer: n = 10, R1 = 600 ohms, R2 = 10 ohms 

A triode-connected 6K6-GT is to be used as a driver so that 
R„ = 6,250 ohms and µ = 6.5. A 6SN7 is to be used as the dis-

charge tube, Rd "'-'• 13 kilohms, 

19 1 
31.6 msec 

Ts 19 -I- 1 30) 

1 
1d = 31.6 = 1.7 msec 

Fo-3 

L = n2L„ = 100(50 X 10-3) = 5 h 

R = n2(R,, ± R2) ± R, = 100(65 + 10) -F 600 = 8100 ohms 

Then, following the design procedure, we have 

(1) Choose R3 = 1 megohm 

(2) Calculate Rd. For the present problem we shall assume this 

to be 

(3) C4 = 

Rd = 1.3 X 104 ohms 

T. 31.6 X 10-3 
- 7.7 X 10-3 = 0.077 laf 

0.4 R3 4 X 105 

5 5  
(4) TL -  R„ R 6250 -I- 8100 - 1.435 X 104 

= 3.48 X 10-4 sec 

TL 3.48 X 10-4 
R4 — C4 — 0.77 X 10- — 4.52 X 10' ohms 

7 

Td = RdC4 TL = 1.3 X 104(7.7 X 10-8) + 3.48 X 10-4 

= 10 X 10-4 3.48 X 10-4 = 1.348 X 10-3 sec 

rd 1.7 X 10'  - 1.261 
Td = 1.348 X 10-3 

then k = 2.5(u/Ti - 0.6) = 2.5(3.54 - 0.6) = 7.35 

1 1 
(6) 1 -•= 1 - = 1 - 0.136 = 0.864 

î 320 X 10-3 3.2 10_, amp 
j,, 10 

(5) 
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then 

î,,L  R3  (3.2 X 10-2)(5)106  
Ebb 

(1 — 1/k)g — raR4 (0.864)(6.5)(3.16 X 10-2)(4.52 X 102) — 200 v 

Thus the design values for the circuit are 

R3 = 1 megohm, 

R4 = 4,520 ohms, 

C4 = 0.077 if 

Ebb = 200 

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

4-1 3. Flyback Consideratione 

In our design equations of the last section we have neglected what 
happens in the circuit during the flyback interval, rf. 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. First, we have seen that from the view-
point of the scanning raster ib 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 4-10 we assumed j0 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 linear 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 Fig. 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 rf they will 
contaminate the next trace. Our immediate problem, then, is to 
find some means of damping out these free oscillations. This may 

" K. Schlesinger, op. cit. 
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t p 

IP 

kv' 

Fig. 4-36. A-C component of the driver plate current. 

DAMPED 
OSCILLATION 

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 linearity 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-

n2 

(a) (b) 
megn  
rp 

(C) 

Fig. 4-37. Shunt-resistance damping. (a) The oscillations are 
damped out by R. (b) Equivalent circuit referred to the secondary 
side of the transformer. (c) The circuit 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 c where L,, the transformer secondary inductance, and 
L„ have been combined into L, the yoke resistance, R,,, has been 
neglected, and n2C„ 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„/n2, say R, should be 

1 
.R (4-80) 

Thus R, may be chosen to meet this design requirement. 
It is of importance to note that the shunt resistance, R„ changes 

the design equations for the trapezoidal voltage generator. That 
this is so may be seen from the following considerations. In place 
of Fig. 4-29c we now have Fig. 4-38. It may be seen that R, R1 and 

(a) (b) 
Fig. 4-38. Equivalent primary circuits for shunt-resistance damping. 

n2R, 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-cycle is to lower the effective 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 I. 
RCA Victor Division, 1944. 
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physical reasoning. Consider the simplified circuit 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 T8. 
Then, during this interval, the voltage drop across L is constant and 

î 
equal to L -2. But this same voltage is across R, which shunts L. 

L 
Thus iR is constant and equal to Then the total current is the 

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

(b) 

/leg 
e 

(f) t 

el 

(g) 

Lp   

(C) (CI) t  

Rp 

ueg 

( h 

Fig. 4-39. Simplified derivation of the trapezoidal generator 
voltage. (a) The inductive part of the load. (b) The current in the 
inductance must increase linearly. (c) The resistive part of the load. 
(d) The constant voltage e = L di/dl produces a constant current 
through the resistance. (e) The combined load. (f) The total cur-
rent is the sum of (b) and (d). (g) The equivalent. plate circuit 
voltage ew, is the sum of e and the iR, 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- sec 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 



132 CLOSED TELEVISION SYSTEMS 114-1 4 

up the deflecting field around the yoke; hence, it would be desirable 
to return this power to the driver plate supply during the flyback part-
cycle 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, 1-3, the current build up in the net induct-

ance is linear, or 

during r. = t 
T. 

(4-81) 

and the voltage drop across the inductance L of Fig. 4-37 is 

eL Li = — • (4-82) 

Then the average power furnished to the yoke during scan is 

1 V 
Py -= § L 7 (4-83) 

1  
but 

7.8 — ( 1 ± 

where f, = scanning frequency 

whence: P„ = 4-Li2(1 p)f, 

(4-84) 

(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 seen, in simple resistance 
damping all of this power is lost. According to Spielmani5 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 

15 s. C. Spielman, "Input Power Requirements of Television Receivers," 
AIEE New York Convention, 1949. 
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system t, 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 
lost 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-c 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 Fig. 4-40 are derived on the assumption 

of an ideal transformer of primary to secondary turns ratio, n. From 
e in the figure it is seen that two oscillatory systems are present. 
These systems are indicated by the mesh currents i and i1. If, how-
ever, R, is made small enough to suppress oscillations at a frequency 
determined by L and C, i.e., at the natural frequency of the undamped 
deflection system, the equivalent circuit at d results. This, then, is 
the basic idea involved in resistance damping: the oscillatory circuit 
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PRIMARY TURNS  
— SECONDARY TURNS 

c ce n2c, 
_ 
r- Ly Ls 

(b) 

14-15 

CY 

(d) 

Fig. 4-40. Magnetic deflection circuit with resistance damping. 
(a) Basic circuit. (b) Equivalent circuit referred to the secondary. 
(e) Simplified equivalent circuit neglecting the yoke resistance R. 
(d) Simplified circuit during flyback. R. is chosen to suppress 
oscillations in the R.C. branch. 

comprising L and C in parallel is replaced by a circuit of L, C., and R. 
in series. 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 circuit 
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 R. 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 . 
(Lp R. —pC = 0 (4-86) 

or p = — • ./LC — — — = —a ± jw (4-87) 2L . 4L2 

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

R. = 2 —Cs (4-88) 

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

i = (A ± Bt)e -al (4-89) 

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

i=t and A = 

and further, at t = 0, the condenser is uncharged, hence 

1 t. = 
C, 

di 
and • -d-do = — t = — 2at 

Then differentiating (4-89) and equating to (4-91) 

dil 
7lijo 

(4-90) 

(4-91) 

= — aA B = — 2at (4-92) 

Therefore, B = — ai (4-93) 

and i = 1(1 — at)e -ae (4-94) 

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

%7.  

1.0 

0.5 

o 

o 2 
at 

3 4 

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

" See, for example, W. J. Seeley, An Introduction to the Operational Calculus. 
Scranton, Pa.: International Textbook Co., 1941. 
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expression "flyback is completed." Since at at = 2 the current 
reverses direction we shall consider this value to define the end of 
the retrace part-cycle. It 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 at = 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, TI, will be 

R, 
arf = -2L- rf = 2 

or 
4L 

R. = — 
TI 

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

C•= 
4L 

(4-95) 

(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 = 1R/LC. = forced angular frequency of L and C.. 

Then 

or Ts' = 

arf = 2 

-2 = 2N/7:Us 
a 

2 To 
= = — 

Wo ir 

(4-97) 

(4-98) 

From (4-98) it follows that where critical damping is used, the forced 
frequency of the L-C, circuit must be high enough so that one cycle 
has roughly three times the duration of the flyback time. Since To 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 because 
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 not 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 circuit 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 some 
800 gsec are 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 flyback 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 
flyback time is one half-cycle of oscillation in L and C, the notation 
being that of Fig. 4-40. Thus 

(7-/),„1„ = minimum possible flyback time 

and 

= 7rN717 

ri 2 \F's 
(r1) min — C 

(4-99) 

(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 R. was chosen small enough to suppress the 
high-frequency oscillations in the L-C circuit. 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 Fig. 
4-42. From our previous results we know that in order for the 
circuit at b to be aperiodic R.' must have a value 

R.' > 2 (4-101) 

" See, for example, E. A. Guillemin, Communication Networks. New York-. 
John Wiley and Sons, Inc., 1935, vol. 2. 
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Rs' 

(b) 

Fig. 4-42. Dual circuits. (a) The parallel circuit. (h) The series 
circuit is the dual of the circuit at (a). 

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

or if 

(4-102) 

(4-103) 

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

(4-104) 

Substitution of which in (4-99) yields 

> 2.54 (4-105) 
kTflmin —  

Therefore we see that, at best, 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 cycle. 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 increases the deflection sensitivity, 
for the sweep starts at —0.135 î 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 whit 
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 synchronous 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 basic circuit are shown in Fig. 4-44. At a the 

diode and damping resistance are across the primary of the deflection 

DAMPING 
DIODE 

(a) (b) 
Fig. 4-44. Diode damping. (a) Primary damping. (b) Secondary 

damping. (Courtesy of ¡'roc. I RE.) 

DIRECTION OF CURRENT 
DURING SCAN 

YOKE 

DAMPING 
DIODE 

transformer; at b they are on the secondary side. Whereas the action 
of both circuits 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 circuit in more detail. In Fig. 4-44h 
the direction of yoke 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, Rs, shunts the yoke; the voltage drop across 
the inductance is 

(eL), = Lî(1 P)fs (4-106) 

At the end of T. the current changes direction causing a reversal of 
polarity across the yoke and the damping diode. The latter ceases 
to conduct and Rs 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, 

1 

N/F,C 

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

(eL),, = — Ltiw sin cot (4-108) 

The current and voltage throughout an entire sweep cycle are shown 
in Fig. 4-45. 

- 1 
eL 

= 

..1.- COSINE WAVE 

(a) 

(4-107) 

01— SINE WAVE 

b) 

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

Then at the end of 77 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 co 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 co 
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 R, 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 r,, 

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 t 
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's 
We have just seen that in diode damping the energy which is stored 

in the deflection inductance at the end of T. 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 contribute 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 energy 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 
Fig. 4-47, which shows each step, will aid in the discussion. At the 

" Instruction Book for Monoseope Camera Type TK-1A, RCA, Engineering 
Products Department, November 1946. See also A. W. Friend, op. cit. 



V1 DRIVER 

(b) 

Fig. 4-46. Reaction scanning. (a) Basie circuit. (b) Simplified 

V2 DAMPER 

equivalent circuit. 

is 

(a) 

(b) 

k. 
(C) 

(d) 

(e) 

Fig. 4-47. Step-by-step operation of the reaction scanning circuit. 
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outset we note that the plate currents of both the driver and damper, 
V1 and V2, respectively, will be determined by their respective grid 
voltages. For added clarity we shall assume V2 cut off in the first 
r3 interval from A to B. Thus from A to B the component of 
deflection current furnished by the driver, is, will build up linearly 
in time. At B, which defines the end of rs, VI and V2 are cut off 
and the active circuit during rf consists wholly of the L-C combina-
tion which is free to oscillate. Hence as the field about L collapses, 
an oscillatory current 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 current reverses direction and it is labeled i_ 
to avoid confusion, the negative sign indicating that the current is 
flowing upward through L as at c. 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 Tf. Then 
V2 is made to conduct and i_ must follow the grid voltage on V2 as 
far as shape is concerned instead of continuing as a cosinusoid. 
Hence, i_ may be made linear, and its slope is such that the voltage 
across L reverses polarity again as shown at d. Here is the essence 
of the whole system, for this component of current i_, which is caused 
by the energy stored in the L-C network, is constrained by V2 to 
follow a linear path, which contributes to the total yoke current during 
the scan instead of being damped out in a resistance. 
But notice that at Tf, VI also conducts, causing is to flow as pre-

viously described. Hence, the resultant current i 1, which flows 
through L is the algebraic sum of j8 and i_ during the scan interval. 
This is shown at e. All of the wave forms involved are shown to-
gether in Fig. 4-48, where it may be seen that i_ contributes to the 
left-hand portion of the sweep and is to the right-hand portion. 
The prime advantage of the circuit over those previously described 

is immediately apparent: the driver must furnish only one component, 
is, of the total current instead of the peak-to-peak value, î, because 
the energy stored in the L-C network has been put to use rather than 
wasted. One might assume from Fig. 4-48 that is is only one-half 
of î. Actually, however, since the current during Tf is damped, the 
peak value of i_ is only some 60 to 80 per cent of the peak value of 
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Thus the driver must furnish somethi 
current, but the reduction in deflection 
previously defined is quite signifi-
cant. Still another advantage in the 
present system is that i_ may be 
used to iron out nonlinearity in ig at 
the center of the sweep by suitable 
shaping of the grid voltage supplied 
to V2. This compensation can yield 
a net current iL, 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 V2 control grid voltage. 
This voltage may be obtained from 
the square wave portion of eL shown 
in Fig. 4-48d. The complete cir-
cuit is shown in Fig. 4-49. C1 and 
R1 comprise the circuit for developing 
the control grid voltage. P1 and P2 
adjust the d-c component of dam-
per grid voltage and so serve as lin-
earity controls. P3 controls the cl-c 
current through the deflection coils 
and hence is the positioning control 
which determines the "rest" position 
horizontal direct ion. 
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ng over one-half of the sweep 
power over that in the systems 

CUTOFF 

(b) 

(C) 

(d) 
Fig. 4-48. Wave forms in the 

reaction scanning circuit. (a) 
Driver grid voltage. (b) Damper 
grid voltage. (e) Currents. (d) 
Voltage across the inductance. 

of the electron beam in the 

P2 - P3 

Fig. 4-49. Complete damping system for hoizontal reaction scanning. 

}HORIZONTAL DEFLECTION 
COI LS 

DC 
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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 

DRIVER 

e-

DAMPER 
5V4-6 

8+ 

(b) 

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

in the section on diode damping, but differs from it in that the 
damping of the flyback transient during r. 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, Rd providing a means of controlling the voltage applied across 
the damper tube by the sweep circuit and is set to the proper value 
at the factory. LI, which is variable, serves in the same capacity. 

" The term "perveance" is frequently neglected in electronics. In the em-
pirical form of Child's equation for a space-charge-limited diode 

=.Ket,« 

K, a constant determined by the electrode geometry of the tube, is the perveance. 
See, for example, Y. Kusunose, "Calculation of Characteristics and the Design 
of Triodes." ¡'roc. IRE, 17, 1706 ( 1929). 

20 A. W. Friend, Television Deflection Circuits, Part II, op. cit. 
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A final point to be mentioned about the circuit is that it utilizes 
the d-c voltage developed across the yoke during r5, the possibility 
of which was pointed out in the section 4-10. How this is effected 
may be seen by reference to Fig. 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 1-8. 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 
booster circuit furnishes an increase of 13 per cent over the power 
supply voltage to the driver plate circuit. 

4-19. The Flyback Power Supply21 

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 n times the amplitude. Its 
peak value, which occurs at the center of 77, will be 

ê = nLiw (4-109) 

and in typical circuits for, say, a 10-in, cathode-ray tube will range 
in the order of 3000 y for a sweep frequency of 15.75 kc. Furthermore 
its polarity is positive to ground and hence may be used as the voltage 
source for a pulse type d-c 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 µa, 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 

21 The author is indebted to Drs. P. C. Goldmark and Kurt Schlesinger, both 
then of the Research and Development Division of the Columbia Broadcasting 
System, for making available to him early in 1946 preliminary data on the flyback 
power supply developed for the CBS Color Television receivers. Since that time 
a number of references have become available in the literature; for example, 
M. Cawein, "High 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. A 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 circuit 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, 

R2 

F -1701.(E AND 
 -.DAMPER  SYSTEM 

(a) s (b) 

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

separate from that furnishing the other tubes in the equipment. To 
this end special rectifier tubes which require only w 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 R1 until the filament exhibits a dull red color. 
The second difficulty with the basic circuit 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-c output from the rectifier 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-G, a special 
form of the more familiar 807 beam power tube. Filtering problems 
in the power supply are negligible. Because of the low current drain 
imposed by the cathode ray tube R2 may be used in place of an 
inductance as the series filter element. A resistance at this point is 

LOAD 
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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 kc; hence C1 generally is 
in the order of 500 micromicrofarads. Special ceramic condensers 
have been developed for this type of service. The output capaci-
tance, C2, 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 above the 3 to 1 value previously 

e 

e LOADt3ê 

Fig. 4-52. Flyback voltage tripler. 

specified. As a practical matter, this is not feasible because of the 
deleterious effects of shunt capacitance 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 ê, 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-
fleeted electron beam from burning the fluorescent screen. 



CHAPTER 5 

SCANNING AND PICTURE REPRODUCTION' 

We saw in Chapter 1 that the principle ut scanning is basir 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(x,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 t is related to a specific 
space co-ordinate pair (x,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 

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., XIII, 3 (July 1934). 

2P. Mertz, "Television—The Scanning Process." ¡'roc. IRE, 29, 10 (October 
1941). 
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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, 
i.e., a scanning aperture of infinitesimally small size. Furthermore, 

h 

2 

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 device 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 Fig. 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 

bk cos prkx 0,) 
B(x) = E (5-3) 

nw 
k = I) 

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(t) =Ea cos (271-kfpt ek) (5-4) 
k = 0 

where h = frame frequency (5-5) 

1  1 
- time to scan n images V, 

Equation (5-4) results directly because x and t are directly related 
through the constant scanning velocity, u. Inspection of the equa-

tion shows that the frequencies present are all integral multiples of 
the frame frequency, h. This is to be expected because the frequency 
components in a Fourier 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 t 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 = yi, the variations in brightness may be represented by 
the trigonometric series 

2r 
B(x,yi) = E bk cos ( kx —w 0k) (5-6) 

A -0 

in the interval o < x < 

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

series. Y= 91 

bk = E bki cos (21-L-1 oi) (5-7) 
h 

l=0 

This situation may become more 
clear by referring to Fig. 5-3, 
which shows a model of the bright-

Fig. 5-2. The progressive scan 
ness distribution in an arbitrary raster. The positive directions of 
image composed of a number of x and y are 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 c the model is split along y = yi and the brightness distribution 
along that line is given by (5-6). At d the block is split along a 
vertical line (x = c81) and we see that another distribution is ap-
parent which is given by (5-7). It follows, then, that the distribution 
over the entire surface may be obtained by substituting the second 
of these equations into the first and there results 

B(x,y) = E 
k = 0 

z bid cos I27rkx k) cos (2-/,y ± 0 \ (5_8) 
h if ut 

l=o 

and expansion of the cosine cosine product yields 

B(x,y) = E cos [271- (11. ± ± (0k ± 0/1 
to h 

k = 0 1=0 

E cos [27r (kx - ir) ±  (0k - 011 0_9) 
w  

=o 

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

B(x,y) E 
L = 0 
Ebki kx /y —2 cos [2r (— Oki] (5-10) 
- 
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(b) 

(d) 

Fig. 5-3. A three-dimensional model illustrating the brightness 
variation across the image field. (a) The complete model. (b) The 
brightness distribution along an arbitrary line y = y2. (e) The 
brightness distribution along another line y = yi. (d) The bright-
ness distribution along a vertical line x = (>1. 

where 

and 

Oki = Ok + 0 1 

Oki = O. - 0 1 

1 > 

1 < 

(§5-3 

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

5-3. Interpretation of the Double Fourier Components 

In the last equation bki is the amplitude of any single component 
(kJ) and may he evaluated in the same manner as is used for the 
one-dimensional series. We shall not attempt this actual evaluation 
because 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 = 1 and t = 2, and for further simplification we shall assume that 
012 0. Then, if we consider the variation in x along the uppermost 
line where y = 0, we have from (5-10) 

1)12 
/312(x,0) = —2 cos (-2.71 (5-11) 

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

, , bp 27rx 27ry) Bi2(x,yo = — cos — — 
2 tv h 

(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 
27ryi/h. This is shown at b in the diagram. 

Along another line, y = y2, we have sti 1 
another cosine wave but shifted this time (a) - - y = o 
by an angle 27ry2/h relative to the first as 
shown at c. Thus as we move downward 
across the image, the cosine wave suffers (b) - -Y=Y1 
a progressive shift in phase toward the 
left. Now, remembering that these 
waves represent variations in brightness, (c) - - y=y2 

we see that each component of the double 
series is a two-dimensional variation in I 27Ty2 rt- h 

brightness whose maxima and minima Fig. 5-4. For each value of 
move toward the left as y increases, y the cosine wave is shifted by 
i.e., downward in the diagram. For our an angle 2ry/h from the top 

wave. 
specific example the brightness variation 
along any vertical line, say x = 0, is, from (5-10), 

/312(0,y) - b12 cos 2r X 2y (5-13) 
2 h 

This, of course, represents 2 cycles of a cosine wave. The resulting 
component /312 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. 

It is now a simple matter to ex-

}
h tend this concept to the general 
T. component k = k and 1 = 1. 

From (5-11) and (5-13) we see 
that there will be k cycles of vari-
ation along a horizontal line and 

Fig. 5-5. (a) The Fourier compo- 1 variations along a vertical line. 
nent for the index pair k = 1, = 2. To aid in drawing these compo-
(h) The slope of the striations may be 
calculated. nents we can calculate the slope 

of the maxima across the field. 
In Fig. 5-5h the maxima of the striations are represented by the solid 
lines shown. Then, reading from the diagram, 

kh 
slope = —  (5-14) 

The negative sign is introduced because the assumed positive direc-
tion of y is downward. With this information we can readily sketch 
the typical components of Fig. 5-6. The solid lines indicate the 

k=0,1,0 k=t3,1=1 k=t 1=0 k=2,1.=3 k.2, 1.=-3 

Fig. 5-6. Typical double Fourier components. 00 is a.ssumed 
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, X, 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 

- 
\t/c1)2 (1)2 

1 

(5-15) 

In summary, then, we see that the concept of the Fourier series 
may be extended to cover a function of two variables. Thus any 
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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 solely by the area 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 Its Spectrum 

We have repeatedly stressed the point that the orderly scanning 
process relates each point (x,y) in the picture to a specific value of 
time, t. We can, therefore, write the equation for the output in time 

of the transducing element. Thus let 

u = -t = horizontal scanning velocity 

y = Yt- = vertical scanning velocity 

(5-16) 

Then, corresponding to (5-10), we have 

E(t) = E cos [271- (—ku + 21 ) t + OH] (5-17) 
2 h 

k = I = - 

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 scan, which has 
been assumed, the vertical height of the picture is scanned in the 

time 

= —h = hf, (5-18) 
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and in the same interval n lines are scanned or the total horizontal 
distance covered is nw. Hence, 

u = nwf, (5-19) 

Substitution in (5-17) yields 

E(t) =E Eal cos [2r(knf, 4- lfp)t ± Oki] (5-20) 

which has a frequency spectrum 

k(nf,) lf„ (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 
frequency. Hence the spectrum of the electrical 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 

II II 

,-f=nfp f.(2n+l)fp 

2 
to 2 3 -3-2-1 0 2 3 -3-2-10123 

Fig. 5-7. Port. on of the spectrum (5-21). Frequency groups 
are centered on multiples of the line frequency. Adjacent frequency 
components differ by fp. 

arbitrarily. It should be noticed, however, that the amplitudes 

decrease as either k or t increases, a necessary condition if the series 
is to converge. 

Inspection of the figure would lead one to surmise that blank 
regions occur 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 Fig. 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 yell be that two 
field components with indices (k,l) and (k' ,11) exist, such that 

nk = nk' (5-22) 

Under this condition both field components have frequencies in 
common, i.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 Fig. 5-8 where 

.1111 Iii  
k+i 

I I 111111 1 H 1 1 
k 4-2 

1 1 iii 1 1 1 1 1 1 1 till Iiiiiii 
k + k+2 

RESULTANT SIGNAL 

Fig. Adjacent frequency 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 / in 
excess of n/2. This may be seen quite readily from the following 
considerations. The spacing between adjacent group center fre-
quencies is nfp. Then to prevent overlap the side bands of any group 
must be limited to nfp/2. Hence, 
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(5-23) 

which verifies the statement. 
Notice that the suitable filtering device cannot be placed in the 

electrical portions of the over-all system because the transducer out-
put contains the coincident confusion components, which—once 
generated—cannot be separated. It follows, therefore, that the 
filtering must be done between the original picture and the transducer, 
i.e., by the aperture itself. It is fortunate that the aperture, which 
has been aRsumed to be a point thus far in the discussion, when 
properly designed eliminates 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. If the picture content varies in time, the ampli-
tudes aki will also vary. Hence 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 becomes too involved to be of value. 

5 6. The Effect of Interlaced Scanning 

The work of the previous sections 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 

-t_. 
2 3 

4. 
n-i 

nw 

Fig. 5-9. The 2 to 1 interlaced scan pattern may be replaced by a 
single-line scan on an infinite array of identical images. 

picture and the frequency spectrum of the corresponding electrical 
signal. In order to eliminate the mathematical difficulties associated 
with flyback, 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 
scan, 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 2h 
is covered in scanning one complete picture, bk now becomes 

2.7rry n 
bk* = E beg* cos ( 2h oc) (5-24) 

1=0 

And, finally, the double series is 

B(x,y) = E k*=. 
z bk*,* [2 ik*x ow.] 

2 w 2h 
1* - (5-25) 

where 001* = + 01*, l.> > 

0 el* = Ok* — O,, l < 
We use the notation k* and /* 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 Fourier components for k = 1, 1 = 1 and k* = 1, l = 1 
are not the same. The first pair, which corresponds to the progres-

k=1 1=1 

h 

-kh 3 
SLOPE = — = -—4 

1W  

(a) 

k*=1 1.*=1 

/,' % 

-k* 2h 3 -1e2h -- 3 
SLOPE = — _  7 SLOPE= - 

(b) (C) 

2h 

K*=I 

) 

Fig. 5-10. Comparison of the Fourier components for progres-
sive and interlaced scanning. For a given component in the pic-
ture /* = 2/. (a) The Fourier component for k = 1,1 = 1 in the 
progressive scan. Slope = —kh/lw = I. (b) The component 
k* = 1, 1* = 1 for interlaced scanning differs from (a). A to-
tal height of 2h is shown to simplify the construction. Slope 
= —k*2h/l*w = (c) /* must be doubled to produce the 
component shown at (a) in interlaced scanning. Slope = —k*2hIlsw 
= 
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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 1 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 

1* = 21 
(5-26) 

Then, to evaluate the frequency spectrum of the electrical signal 
corresponding to (5-25), we need only convert x and y into terms of 
frequency and time, thus, 

and 

whence E(t) = E 

u = amt., 

= 2h1„ 
(5-27) 

z-2 cos [271-(k*RT, rf)t 01,*1.] (5-28) 
k* = 0 1* = 0 

If, now, (5-26) be utilized, we have for the electrical signal cor-
responding to the (k,l) component in the picture 

E(t) =- E v a.** cos [27r(knf, 21fp)t + Oki] 
2 

k=0 1=0 

(5-29) 

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 separated 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 n 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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N — 0 
—N) I I. I_ 

NNNNNN 

PROGRESSIVE SCANNING 

ol 7 PINT O—NPI II le 

6 6. 6 6 6 6 

= FREQUENCY 
OF IMAGE 
REPETITIONS 

INTERLACED SCANNING 
FREQUENCY --A. 

Fig. 5-11. Comparison of the spectra for nine-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 are 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 aid, Okl, (lee, and Op.,', 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 
physical picture of 

( a ) V//////A V////!/  

(b) el 

to an analysis of the distortion it is well to get a 
its effect. In Fig. 5-12 the original picture is 

assumed to be a square white spot on a black 
line, whose brightness distribution in x is 
shown at b. When scanned through an infin-

n  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 c. 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. 
At each position of the aperture the transducer 
output is proportional to the average value of 
brightness which it sees. Hence its output 
reaches the maximum gradually, as shown at 
d. It will be observed that the effect of the 
aperture on the signal is similar to that of an 
ideal low-pass filter which has no delay or 

phase distortion: an applied square pulse has its corners rounded off. 

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(0), which 
is periodic in 21r, is to be expanded into an infinite sum of exponential 
terms which are harmonically related, that is, we assume the identity 

(co   

or X 

 I X 

Fig. 5-12. Aperture 
distortion. (a) Original 
picture. (b) Brightness 
distribution in x. (c) 
Voltage after scanning 
by a point aperture. (d) 
Voltage after scanning 
by an aperture of finite 
width. 

F(0) 

k — 

where k is an integer. 

(5-30) 
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In order for (5-30) to be an identity the complex amplitudes Ak 
must be evaluated correctly. To do this we multiply both sides 
of the equation by cir.frchb and integrate between the limits 0 and 
27r (or and +7r) 

r 2Ir 21r 

F (0)6 — ined(t) = E f Akci(k_r),1/4/4, o (5-31) 
— 

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 I. 
k = —r f integrand is periodic in 27r. 

fo 

2.• (5-32) 

(b) k = r for which AkeiMck = Ak X 27 

Therefore, (5-31) reduces to 

1 
Ak = 

27r fo 

2e 

F(4))€ -ik0do (5-33) 

and the amplitudes are evaluated. 
The same result may be obtained by substituting Euler's identity 

into the trigonometric expansion of F(0). This latter method does 
not require the intelligent guess of multiplying the equation through 
by E-jr but it involves considerable algebraic manipulation. The 
series (5-30) is equivalent in every way to the more familiar trigo-
nometric expansions. Ak will generally be complex, that is, it includes 
the phase-angle term of the sine or cosine series form, except where 
F(0) 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 4. 

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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B (X) 

s(4) APERTURE ORIGIN 

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(x) = E Bk exp (27--riL-x) (5-34) 
nw 

k= — 

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. Let the response of the aperture itself 
be that shown in Fig. 5-13 and further let it be represented mathe-
matically by S(e) 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(x) but, say, /31(x). The 
reason for this will be clear when it is realized that when the aperture 
is centered on x, the transducer sees the integrated brightness over the 
whole width of the aperture. Thus the apparent brightness Bi(x) 
depends on both the original distribution, B(x), and on the aperture 
response, S(e). These ideas may be expressed analytically. Thus, 
if we let x be the co-ordinate of the aperture origin, the brightness 
of the original picture at the point (x e) will be by (5-34) 

B(x E) = E 131, exp [2ejk(x ±  
nw 

Á = - 

and the apparent brightness at x will be 

/Mx) = f S(e)B(x + ewe (5-36) 
aperture 

Actually the integral should be taken over the entire domain of e but 
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the contribution to the integral for all E for \\ Inch S(E) = 0 is zero. 

fThe is the only part of the total integral which is different from 
aperture 

zero. 
If, now, (5-35) be substituted into (5-36) and the factor in x, 

which is constant in the integration, be removed from within the 

integral sign, there results 

Bi(x) = E Y(k)Bk exp (5-37) 
nw 

where 

A= — a 

Y(k) = f S(k) exp 2rjkE) de (5-38) 
aperture 

and the electrical signal at x corresponding to the apparent bright-

ness is 

E,(x) =E Y(k)Ak exp (2kx) (5-39) 
nw 

k= — 

or, in time, E1(t) = z 
k= — a 

k= 

= E 

Y(k)Ak exp 0 52—eut\ 
nw 

Y(k)Ak exp (2irjkf,t) (5-40) 

In both of the last two equations the subscript 1 is used to indicate 
that the voltage corresponds to the apparent brightness Bi(x) seen 

through the finite aperture. 
Comparison of (5-40) to (5-4) shows that the effect of the finite 

aperture is to multiply A. 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 8(E) is symmetrical about its 
origin or, in other words, it is an even function in E. Where this is 
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true, the imaginary part of the expanded exponential in (5-38) is 
zero, and the aperture admittance reduces to 

Y(k) = SSW cos (21—riE) ap me (5-41) 

where S(e) 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 (5 is used. Its 
response will be that shown at Fig. 5-14a. Since the response is 
symmetrical in e, we have from (5-41) 

6/2 

Y(k) = 25 Ss cos (-221 de 
o ntv 

sin irk(5\ 

= t,flW (5-42) 
rk(S\ 

which has the (sin x)/x form. The envelope of this function is 
plotted at h in the figure. 

re-

r->t 

(a) 
nw 

(b) 
Fig. 5-14. (a) Rectangular aperture response characteristic. 

(b) Normalized aperture admittance Y(/-) for the response shown 
at (a). 

It is interesting to note that 1.(k) for several common aperture 
shapes closely resembles that shown for the rectangular response, at 
least for valmss of k 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. 5-14a. In answer to this a special aperture and its response are 
shown at Fig. 5-15. This particular form has been used to synthesize 

(a) 

s(4) 

(b) 

Fig. 5-15. A special scanning aperture. (a) Aperture shape. 
(b) Its response, S(s). 

mechanically the response of the electron 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 
Ei'(t) = WEl(t) (5-43) 

and from this the transducer will produce an instantaneous brightness 

b'(1) = PWEi(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'(E) ; hence the apparent brightness at 
any point 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 — ri to + T2 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 

3 P. C. Goldmark and J. N. Dyer, "Quality in Television Pictures" 
J.S.M.P.E., XX XV (September 1940). 
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s'( 

s'(2) 

t=-71 
b(-rt) = s'(el) t,((-7-1) 

=0 

± = t2 

t)(t2) = S'(42) b'(t2) 

e2.I 
t.t, 

s'(o) ID; (t3) = s'(o) b' ( t3) 

e.-.1 

t = t 4 

b;(±4) = S'(Q b'(±4) 

e= x-ut 
Fig. 5-16. Each point of S'(E) contributes to the reproduced 

brightness at the point x. 

1§5-11 

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 x only once throughout all time 
from the remote past to the ever-so-distant future. It follows, there-
fore, that the contribution by the transducer to the apparent repro-
duced brightness at that point is zero for all times not in the closed 
interval < t < + 7-2, and the limits of integration may be changed 
to — 00 and ± cc with no change in the result. Then, integrating, we 
get for the reproduced brightness at the point x 

131'(x) = f SMPWEI(t) dt (5-45) 

Equation (5-45) gives the reproduced brightness at x in terms of the 
incoming signal and hence, by suitable substitution, of the compo-. 



§5-111 SCANNING AND PICTURE REPRODUCTION 171 

nents in the original picture. Rut this brightness may also be ex-
pressed in a Fourier series in terms of the components of complex 
amplitude Bk/ of the reproduced picture. Thus, 

E ex_ 
nw f 

k= — co 

(5-46) 

From (5-33) we know that the amplitude of each component is 

Bk ,' = 

+nie/2 

131'(x) exp 17,irM dx (5-47) 
nw 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 

Bk/ = f Bli (X) exp - —1--27x\ dx (5-48) 
nw , nw 

Now in order to observe the effect of the apertures on the repro-
duced image we wish to compare Bk/ to Bk for each value of k. It 
should be apparent that this may be effected by substituting for Bi'(x) 
in terms of the original picture components. Hence, substituting 
(5-45) into (5-48) we get 

Bk/ = f s' (E)PwEi(t) exp - 2.7rjk' nw dt dx (5-49) 
t  

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 El(t) from (5-40). 
This yields 

OD OD 

= S'(E)PWY(k)Ak exp (?2iii_cut\ 
n—rvi f.f. nw 

exp I dt dx (5-50) 
nw 

This is the equation we wish to evaluate so that Bk/ and ilk (or Bk, its 
brightness equivalent) may be compared. The problem as far as 
integration is concerned is that x, u, t, and are all interrelated. 
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Since identical scans are assumed at both ends of the system, i, the 
horizontal velocity, remains the same. Further, from Fig. 5-16 we 
have that 

x e + ut (5-51) 

and dx = d where t = cst (5-52) 

Hence the second exponential may be reduced to terms of e and ut. 
If this substitution is performed and terms collected, there results 

Bk" = 

GO OD 

nT„Lf_fwpwy(k)Ak exp [ -1 (k - k')ut] 
1 22  

exp (- 2vjk'E) dt de (5-53) nu. 

Since each factor now contains only a single variable, t or E, we may 
write 

PWY(k)Ak f s,(z) exp .2272cE\ 
nw  nu, 

f-exp [27rj(k - k') 
nw 

id] dt dE (5-54) 

Consider the time integral. Since the integrand is periodic, one 
complete image being scanned in the interval V,„ the integral may 
have only two values depending upon the value of k'. (Remember 
k has already been chosen.) If k' k, the integral is of the form 

1-, 

exp (at) dt = 0 (5-55) 
Jo 

or if k' = k, it is 

fo 
exp (0) dt = V, (5-56) 

It follows, therefore, that Bk/ is different from zero for only that value 
of k' which is equal to the k previously chosen, i.e., there is a 1 to 1 
correspondence between the original and reproduced field compo-
nents. Thus we have for the kth component 

Blet — PWY(k)AkV, f  S' (E) exp (- 27jk-E) dE (5-57) 
nw _ 
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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 

Bk = PAk 

And further, by similarity to equation (5-38), the integral is seen to 
be the reproducing aperture admittance 

Hence 

Y'(k) = f S'( 2/rikEt) exp (— nw dE (5-58) 

Bk' =- 12 WY(k)Y'(k)Bk (5-59) 
nw 

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. Bk' is also proportional to V„ and hence to the speed of 
scanning, a result which is an entirely logical one. 

5-1 2. 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(x,y) = E E Bk1 exp [271-j ± )1 (5-60) 
tv h 

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(E,n). 
This latter may be represented pictorially by a three-dimensional 
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Fig. 5-17. (a) Co-ordinates of the bidimensional aperture. (b) The 
aperture response, S(,n). 

diagram as in Fig. 5-17. By analogy to our previous work the 
admittance of this aperture will be 

Y(k,l) = w f S(E,n) exp [27 j + 111« dn (5-61) 
ap  h 

and the apparent brightness seen by the transducer will be 
CO 00 

Bi(x,y) = E E Y(k,/)Bki exp [2rj ‘ 1-e-)] (5-62) w h 

And continuing the process we get as the analogue of equation (5-54) 

OD 02 

Bel/ 
PW17 (k,l)Aki s,(E,„) exp [ - 2rj ç-•/)] — 

Wh W 

fexp {27rj [(k le)u + (1 -h15114 dt dE dn (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 (1 - 1')v 
- o (5-64) 

h 

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 (le , 1') for a chosen 
index pair (k,1). 
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Let us consider this situation more carefully. If (5-64) is not 
satisfied, 

Bk'1" = 

or since 

we may write that if 

(ka 1)./, (k'n 1')f,, (5-65) 

the reproduced component amplitude Bk'," 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',1') 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 

u 
— = nfp and h 

(k'n = (ka ± 1)f, (5-66) 

or if nk' nk 1 (5-67) 

the component amplitude is not zero. Ideally, (5-67) should he 
satisfied by one and only one index pair (k',1') such that 

k' = k 

1 
(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 h',1' 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 k' and l' satisfy (5-68) they define the normal component for 
which eq. (5-63) becomes 

&Ai = = k — 
Jr=, wh 

P11"1" 1.•.1A1,117,1"(k,l) 
(5-69) 
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where 
œ e 

r(k,l) = f f(e,n) exp[-27rj (kue, ± ill )] de dn (5-70) 

= admittance of reproducing aperture to the 
normal component. 

Then, from (5-58), we may reduce the complex amplitude of the 
normal reproduced component to 

V 
But = — 1' WY (k,l)r(k,l)Bki 

wh 
(5-71) 

We may now compare Bk,' to Bk,. 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 ,1). 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 length' 
normalized with respect to the aperture diameter. It should be 
apparent that identical pickup and reproducing apertures would 

s(4,77)=e(4,77) 

(a) 

1.0 

Y2(k,i) 
0.5 

o 
0 1 2 3 4 

x/2r 
(b) 

5 

Fig. 5-18. The circular aperture of constant response exhibits a 
cutoff 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. Hence, the figure gives the product 
Y(k,1)Y'(k,l) of eq. (5-71) for such an identical aperture system. 

It will be observed that the very short wave length components for 
which X < 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 X > 2r the loss of amplitude may 

be corrected for, provided that the admittance function 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 k' and l' 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 / = 3 

k' = 1, l' = 3 n or k' = 3, /' = 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,l) may be defined in terms of a new 
variable µ such that 

- it = 

Then these confusion components are given by 

/' = / — ¡An 

and k'=k-Egf 
Extraneous components (5-72) 
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Fig. 5-19. Confusion in the image reproduced with a progressive 
9-line scan. The Fourier components (0, +7) and (+ 1, — 2) cor-
respond to the same frequency in the incoming signal. (a) The two 
possible components are illustrated. (b) The reproduced picture 
contains both components even though only one of them may be 
transmitted. (Courtesy of ¡'roc. IRE.) 
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and from eq. (5-69) each of these components will have a complex 
amplitude 

V p 
= W Y (k,1)Y '(k,I)Bki 
wh 

where 

(5-73) 

17' ( k' , 1') = f f :S'(E,n) exp [_2j w -1- 17)1 de dn (5-74) 
h 

But since in general 

we find that 

17' (k,l) 0 1" ,1') 

BOY Bk!' 

i.e., the extraneous and normal components differ in complex ampli-
tude. 
Thus the single pickup component (k,l) of amplitude Biel gives rise 

to a number of reproduced components (k',1') where k' = k±µ and 
= — µn. Therefore, not only is the original picture reproduced 

in the normal component, 1.‘ = 0, but also in a number of additional 
spurious images of different amplitude 4.1.nd 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 can 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 Fourier 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 a two components (0,-1-7) and (+ 1, — 2) are 
shown, both of which give rise to the same frequency in the electrical 
signal. If, then, only the (0,-1-7) 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.5 
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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(6) (b) 
Fig. 5-20. Distortion in a reproduced image caused by a finite 

aperture. (a) The original subject. (b) The reproduced image. 
(Courtesy of Bell System Technical Journal.) 

[0-14 

lengths. Fortunately, most of the masking components are 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, i.e., 
those which produce the most objectionable effect in the final image, 

are those for which I µ I = 1. This may also be seen on the basis that 
as l' approaches n, the field 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 field is transmitted, i.e., k = 
and t = O. Then the corresponding "most objectionable" compo-
nents for which I et I = 1 are 

k' = 1, = ±n 

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 brightness, 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 

r (le ,1') = 
then 

BkT, = 

Hence the aperture should be so designed that 

Y'(1,±n) 

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. 

5-1 5. 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(i). 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 lei\ 
of the beam exponentially with the MI III% 
square of the distance from the beam Hip% 

center, i.e., the distribution of p is /-4   e 
% 

Maxwellian.6•7 Then since S(,n) / \ 
= Kp(e,n), we see that some form of 
compromise must be made if we are 
to approximate the conditions for a 

Fig. 5-21. The distribution of 
flat field. Since the probability dis- electron density in the scanning 
tribution shown in Fig. 5-21 implies beam is Maxwellian. 

e V. K. Zworykin and G. A. Morton, Television. New York: John Wiley and 
Sons, Inc., 1940. 

7 V. K. Zworykin, "Description of an Experimental Television System 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, p(y), Vill 11()W be investigated. 

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 (5-75) 

and Zp(y) = f Pdx 
-R 

—but the figure is symmetrical about the y axis and is of infinite 
radius. Therefore 

" 
IP(Y) = 21Ce -D(s2+0)dx 

Jo 

= 2Ce -Dof E-Dedx 
o 

= C Nri-- E-DO D 
(5-76) 
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Thus the distribution of light intensity \\ I wh is proportional to 
Zp(y)—across the scanned line is 

/(y) = KC e-Do (5-77) 

with the maximum value 

En) = KC •\17-i) 
(5-78) 

occurring along the center where y = O. 
The nature of the exponential function is such that for x < r, 

1(y) 0.1./(y) and the exponential distribution of infinite width may 
for a good engineering 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-
neous components is to be eliminated 
to give a "flat" field, the spot radius 
must be increased so that adjacent 
lines overlap. If this be done, the 
analysis by Mertz and Grey no longer 
obtains for it assumes no such overlap 
and other means of analysis must be 

used.' 
It must be noted, however, that at-

tempts to obtain a flat field by widen:-
ing the spot must result in a loss of res-
olution. The one may be had but only Fig. 5-23. Comparison of the 

exponential and cosine-squared 
at the expense of the other. That this functions. 

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 vertical 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 
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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 Figs. 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 basic 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 Figs. 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 A2 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 scan across the signal plate by the application of saw-tooth 
currents to the magnetic deflection yoke. 

DEFLECTION AQUADAG 
YOKE COLLECTOR 

SIGNAL PLATE 

TO 
PREAMPLIFIER 

-1200 V 

Fig. 6-1. The monoseope. Only a single image which is printed 
on the signal plate may lw televised with this tube. 

The signal plate, or pattern electrode, is an aluminum sheet, some 
24 in. by 31 in. in size. Early 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 are, 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 electron volts. These high-speed 
primary electrons produce secondary emission from the pattern elec-
trode, the number of secondary electrons 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, Ro. Thus the output voltage developed across R. follows 

1C. E. Burnett, "The Monoseope." RCA h'eriew, II, 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 energy required to remove free photoelectrons from the 
emitting surface is 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 system 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.S. system of units. Shown in Fig. 6-2, this luminosity curve of 
ordinates i(X) is an arbitrarily standardized response curve of the 
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Fig. 6-2. The standard luminosity curve, which is used to relate 
photometric units to the M.K.S. system. It shows the frequency 
response of a standardized human observer. (Courtesy of Elec-
tronics.) 
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human eye. Its use in relating radiant quantities to their photometric 
equivalents is illustrated by the following equation :2 

F = 650f P(x)g(x) 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). Xi and X2 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 is its luminous 
intensity, I, which is given by 

AF rlumens  
I = — - candle] (6-2) 

¿wCi steradian 

2 D. W. Epstein, "Photometry in Television Engineering." Electronics, 21, 
7 (July 1948). See also, P. Moon, The Scientific Basis of Illuminating Engineer-
ing. New York: McGraw-Hill Book Company, Inc., 1936. 



§6-21 CAMERA TUBES 189 

For a point source of light or a uniform spherical source, / is inde-
pendent of the direction in which Aco is taken. If, on the other hand, 
the source is extended, the flux intercepted in the solid angle tàcd will 
depend upon the direction a. We may illustrate this with Fig. 6-3a, 

o 

DISTANCE FROM SOURCE = D 
A 1 

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 O. 

where the source has an area Ao. Then, in general, two areas, 6,A1 
and AA2, which subtend equal solid angles, Ao.), will not intercept equal 
values of luminous flux. Thus we must write 

= (AF —Aw)« (6-3) 

Frequently the directional characteristic of such an extended source 
fallows a cosine variation 

L. = /0 cos a 

where /0 = 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 

(6-4) 

[  lumens  
E -- - meter candle] (6-5) 

square meter 

Some texts replace the ttrm illuminance by illumination. 
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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. 6-3a the normal surface ,C,A1 has an illuminance 

lo 
E = = 

but from solid geometry 

Aco = 
D2 

whence E = #2 for a = 0 (6-6) 

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 calculate the illuminance of the normal 
area AA2 at the angle a to he 

I locos a  
E - D22 D22 for a 0 0 (6-7) 

Frequently we must calculate the illuminance of surfaces such 
as A1 and A2 of Fig. 6-3b, which are inclined at an angle O with respect 
to the direction from the source. In such a case we have for A 

àF loXw 
E = — = 

Ai Al 

AA, Al cos 0 
But here Ace (6-8) D2 D2  

whence 
/0 cos 0 

E — 
D2 

a = 0 O 0 0 

Similarly, the illuminance of the surface A2 is 

E  lo COS Ocos a 
D2 a 0 0 O 0 0 

(6-9) 

Another property of a light source is its luminance,' B. Thus, 
for example, the luminance of the surface Ao in any direction a is 
defined as the ratio of intensity in that direction to the projected 
area of Ao in that direction, or 

Luminance is frequently termed brightness. 
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13„ -   
Ao cos a 

[  (•andle  
square meter 

(6-10) 

In the special case where the intensity from A o obeys Lambert's law, 
B is independent of a for 

Jo cosa Jo 
B - - — (6-11) 
" A o cos a Ao 

In this case the human eye would observe the surface A o as being 
equally bright from all directions. 
A fourth property of a light source is its luminous emittance, L, 

which is defined as the ratio of total luminous flux from the surface 

to its area, or 

L = LF-0 [ lumens  (6-12) 
A o square meted 

Again if the intensity from A o obeys Lambert's law the luminous 
emittance may be related to the luminance, for 

fi d co  
L - a (6-13) 

.4 o 

But 
AA 

/‘, = .10 cos a and do; = — 

and on a hemisphere, the element of area is 

AA = D2 sin a da de 

whence 
2e r e/2 2e 1r/2 

/0 COS a D2 sin a da de /0 
L - SO fo cos a sin a da 

o Jo A 01)2 A.  

f ./2 
= B21. cos a sin a da = 2rB sin' ln/2 = 7B . (6-14) (6-14) 

o 2 Jo 

Equation (6-14) serves as the basis for another unit of luminance, B, 
the meter-lambert which is equal to 1/ir candles per square meter. 
This is the luminance 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 

[meter-lamberts] = E [  lumens  1 
square meted 

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 

[meter-lamberts] = RE r lumens  1 
Lsquare meted 

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. 

(6-15) 

(6-16) 

1 meter-lambert = 0.1 millilambert = 0.02957  candle (6-17) 
square foot 

The several quantities which have been defined are collected in 
Table 6-1. 

TABLE 6-1 

Luminous flux F lumens 
Luminous emittance L lumen/m2 
Luminous intensity I lumen/w -= candle 
Luminance B lumen/wm2 -= candle/m2 
Illuminance E lumen/m2 = Ir meter-lambert 

In a typical television camera the light reflected from an ilium:. 

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 Yore and lams' is 

rBT 
E = coo (6-18) 

6 H. B. De Vore, and H. Lams, "Some Factors Affecting the Choice of Lenses 
for Television Cameras," Pm-. IRE, 28, 8 (August 1940). 
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where 
E = photocathode illuminance in lumens/ft2 
B = televised object luminance in candles/ft2 
O = 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 occur 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. Furthermore, 
because of the cos" O 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' O becomes unity and for the assumed value of 
the transmission coefficient the equation becomes 

E = [lumens  
square foot 

(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 :6 
When a photoemissive surface is illuminated by light of frequency s, 

it is observed that 

6 See, for example, J. D. Ryder, Electronic Engineering Principles. New York: 
Prentice-Halle Inc., 1947. 
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(1) The maximum velocity of the emitted electrons is proportional 
to F. 

(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 

hv = w ¡, itœ2 (6-20) 

where 
h = Planck's constant, 
= work function of the photoemissive surface, 

iii = electron mass, 
r = velocity of the emitted electrons. 

The quantity hv 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 

ir 
= -h (6-21) 

Incident light of frequency less than yo 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 y, 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.7 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. 

7It is common practice to express energy or electron velocity 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. = imP2 = Ve = 16 X 10-2°V 

m being in kilograms and e, in meters per second. Thus an energy of V electron 
volts is that kinetic energy gained by an electron falling through V volts; one 
electron volt is equivalent to 16 X 10-2° joule or 16 X 10-13 erg. 

Similarly V electron volts corresponds to an electron velocity in meters per 
second: 

N i2lre ,— 
r = — = 5.95 X 10V 5 V meters per second ni 
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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.9"0 
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 

8 V. K. Zworykin and G. A. Morton, Television. New York: John Wiley and 
Sons, Inc., 1940. 

9 W. C. Eddy, Television, the Eyes of Tomorrow. New York: Prentice-Hall 
Inc., 1945. 
" J. Dupuy, Television Show Business, General Electric Co., 1945. 



Fig. 6-5. Gray-scale equivalents 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. It might appear that color 
filters in front on the camera tube could be used to correct the camera 
response. This expedient is 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 circuit com-
ponents that will provide a closed electrical path must be provided if 
electrons emitted by virtue of the photoelectric effect are to constitute 
a useful output current. A basic circuit is given in Fig. 6-6, where 

PHOTOSENSITIVE LIGHT 
CATHODE 

Fig. 6-6. The basic phototube circuit. 

the photocathode and anode are placed in an evacuated envelope. 
If Ebb is sufficiently large so that voltage saturation obtains, the 
phototube current becomes directly proportional to the incident flux, 
F, and we have the relationship 

i = sF = . AE (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 current source and the output 
voltage delivered to the preamplifier grid is 

eo= iR. = sAER. (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: Is there any minimum value of illuminance below 
which the resultant phototube current would not be useful to produce 
an electrical signal? The answer lies in the value of the noise gener-
ated in the coupling network between 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 before 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-noise 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 current-illuminance relationship but also one relating gener-
ated noise to the several noise-contributing circuit components. The 
chief causes of noise 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 

II V. K. Zworykin and G. A. Morton, op. cit., p. 432. 
12 V. K. Zworykin, G. A. Morton, and L. E. Flory, "Theory and Performance 

of the Iconoscope." Proc. IRE, 25, 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'3 has shown that the mean squared value of this 
shot noise current within the frequency band Af is given by 

= 2eietf amperes squared (6-24) 

where 

E =- electronic charge, in coulombs, 
i = average emission current, in amperes, and 
= noise bandwidth of the system, in cycles 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 

is W. Schottky, Ann. Phys., 57, 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 Ro 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 i 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 electrons 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, R, 
and the conductor temperature, T, in the following manner: 

= 4kT f R df volts squared (6-25) 
.ft 

where 
k = Boltzmann's constant -= 1.374 X 10-23 joule per degree 

Kelvin 
T = absolute temperature of the conductor, degrees Kelvin 

f2 — fi = = noise bandwidth, cps, 

Under the special condition that R remains constant within the 

bandwidth At, (6-25) reduces to 

e,2 = 4k TRW (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 àf 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 Fig. 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 my. 

" J. B. Johnson, Phys. Rer., 32, 97 (July 1928). 
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If now we take into account the total capacitance in shunt across 
Ro, we have for the equivalent series impedance of R. and C 

1 ± >ROC 

The resistive or real component of this series impedance which con-
tributes noise is 

(6-27) 

Ro  
R = Re(Z) — (6-28) 

1 ± (coRoC)2 

To find the mean squared noise voltage we substitute (6-28) into 
(6-25) and there results 

2  e, — 4kT _  arc tan (coR0C) I (6-29) 
27re 

Evaluating this for a shunt capacitance of 20 micromicrofarads and 
the same values given above, we get 

e = -V ej2 .= 13.75 my 

We must realize, however, that whereas shunt capacitance reduces 
the noise, it also attenuates the high-frequency signal components; 
LIf is no longer 4 me. If the bandwidth is restored by compensation 
in the amplifier chain, both signal and noise increase. The student 
may verify that as if or Ro increases, the r.m.s. noise voltage becomes 
less dependent on the value of Ro. 
The third source of noise in the circuit 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 Rt. R, has a value 
such that its Johnson noise causes the same mean square noise current 

is2 = 2Ei,àfP in the noiseless tube plate circuit as is present in the 
actual tube. The value of R, 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 is2 
could be produced in a noiseless tube by a grid voltage 

2 ' e, = (6-30) 
gm 
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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 i12 in the plate 
circuit. But the Johnson noise of a constant resistance is given by 
(6-26). Then the value of Re, the equivalent noise resistance, may 
be obtained by equating (6-26) and (6-30). There results 

2eiP  
Re - (6-31) 

4 kTg 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 
111= — 

gm 
ohms TRIODES (6-32) 

where g,„ is in mhos. The advantage of using the equivalent tube 
noise resistance, RI, 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 because the effect is significant only over a bandwidth extend-
ing up to 1 kc." Since this represents only a small fraction of the 
preamplifier bandwidth, the flicker effect may be assumed to con-
tribute negligible noise in television circuits. 

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. Northe has derived additional relationships which combine 
partition and shot noise into a single equivalent tube noise resistance. 

15 D. O. North, "Fluctuations in Space-Charge-Limited Currents at Moder-
ately High Frequencies," Parts II and III. RCA Review, IV, 4 (April 1940) 
and V, 2 (October 1940). 

16 V. K. Zworykin and G. A. Morton, op. rit., p. 431. 
" D. O. North, op. cit. 
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Thus for tetrodes and pentodes where GI is used as the control grid we 

have 

Ri - lb  /2.5 20/,2\ 
lb + 9.2 j 

{TETRODES 
ohms 

PENTODES 
(6-33) 

where 
lb -= average plate current, in amperes, 
= average screen grid current, in amperes, and 
= grid-plate transconductance, in mhos. 

In general, an Ri 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. = 1 Z IsAE to the 
total Johnson noise of Ri, 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 Yore and lame 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 described 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 system of transmission 
differs from the mechanical scanners in that the flying spot of illumi-
nation is generated on the phosphor of a special 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. Jams, 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 

YOKE 

 LE NS 

,-   • 

TO DEFLECT ION 
CI1CU ITS 

SLIDE 

CONDENSING PHOTOTUBE 
LENS 

Fig. 6-7. (a) Components of an electronic flying 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 Broadcasting Company.) 
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Let us set up a hypothetical problem in which we assume negligible 
shunt capacitance across the output resistance, R.. This assumption 
allows us to illustrate the type of calculations involved but simplifies 
the arithmetic to a considerable degree. The method may be ex-
tended to include shunt capacitance quite readily. l'or the specific 
problem we shall assume a type 917 vacuum phototube, which has a 
luminous sensitivity s = 20 ,a/lumen. R. = 10,000 ohms. The 
preamplifier is a 6AC7, operating as a conventional pentode for which 
/1, = 10 ma and I.-, = 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 calculate 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,2 
= 

which is the equivalent mean squared current whibb, ;flowing through 
a noiseless resistance R., produces the same noise voltage as does 
R, and equals 

4kTR,,àf 
R.2 

Similarly, for the Johnson noise developed in R. we have 

- 4knif 
R. (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, 

„ 1 = — + 2 + _ - R. R. ) (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 Ri/R. < < 1. 

(6-34) 
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For the specified S/N ratio of 30 to 1 we may write 

i„ 

Squaring and substituting from (6-36) we get a quadratic in i., the 
signal current, whose value on solution turns out to be io = 0.07 lea, 
for an assumed temperature of 300° K and a 4-me bandwidth. 
We may now work backward from eq. (6-22) to calculate the re-

quired illuminance of the photocathode which has a projected area 
of 1-1-4- square feet. The required value of E is approximately 0.5 
lumen/W. It should be stressed once again that the results calcu-
lated in the example above are artificial in that the shunt capacitance 
across R. has been neglected, an assumption which is generally not 
valid for a bandwidth of about 4 megacycles. 

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 
flying spot cathode-ray tube. More careful consideration shows the 
converse to be true because the resolution of the whole system is de-
termined by the size of the spot on the scanner 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 illumination 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 screen phosphor of zinc 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 isec. A 
longer decay time would effectively increase the width of the scan-
ning aperture in the direction along the scanning line. In the nota-
tion of the last chapter the e dimension would increase. 
The flying spot scanner just discussed provides an excellent system 

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 

= 30 (6-37) 

" G. C. Sziklai, R. C. Ballard, and A. C. Schroeder, "An Experimental Simul-
taneous Color Television System. l'art II—Pickup Equipment." Proc. IRE, 
35, 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 

are not limited to any particular type of subject matter and which 
cotabine 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,2' 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-

FOCUS COIL 
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SEMITRANSPARENT  tiZSZ21 pr- ANODE 
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- *APERTURE 

 I) SIGNAL PLATE 

- DEFLECTION YOKE 
1212282=2:2=2:83 

Fig. 6-8. Early form of the image dissector tube. The deflection 
signals cause an electron 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 1'. T. Farnsworth, "Television by Electron Image Scanning." J. Franklin 
¡est., 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 transdueed into a corresponding electron density image 
which moves toward the anode 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 1(t) corresponding to a B(x,y), t and (x,y) being 
interrelated by the scan pattern. 

6-7. The Output Current 

It is 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 element. 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 is 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 element 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 

wh 
a — 

M 
(6-38) 

Then for a photocathode of uniform luminous sensitivity, s, the out-

put current will be 
sEwh 

= saE — (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 increased without limitation be-
cause of the corresponding increase in tube size and lens cost. One 
distinct 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 

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 described 
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 increased by several stages of secondary emission multipli-
cation. The basic form of the electron multiplier is shown in Fig. 

22 It. W. Sanders, "Industrial Television." Radio-Electronic Engineering Edi-
tion of Radio and Teleci,sion News, 12, No. 2, 3 (February 1949). 
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PHOTOCATHODE APERTURE 

(a) 

(1)) 

Fig. 6-9. (a) The output of an image dissector may be increased 
by means of an electron multiplier which is located off center in the 
tube in order to provide a clear optical path to the photocathode. 
(b) Operation of the electron multiplier. Current amplification 
occurs at each dynode, a, b, e, and d, because the secondary emission 
ratio is greater than unity. 

1( ELECTRON 1 MULTIPLIER 

le-ANODE 

1 

-41 

e - COLLECTOR 

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 c, and so 
on until the final output emission from d is collected by e and goes to 
make up the output current, jo. Electron or current multiplication 
takes place because of a secondary emission ratio, r, greater than 
unity at each dynode. If i be the primary current passing from the 
photocathode through the aperture to the first dynode, a, the output 
current Mill he 

= irarbr„.rd (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 

= ir" (6-41) 

which indicates a current gain of r". 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 seen 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 
La/lumen, we have for the primary current 

i = sEa 

(2 X 10-5)(4 X 10')(4 X 10-5)  — 2.22 X 10-1° amp (6-42) 
(1.44 X 102) 

for an illuminance of 40 foot-candles. Hence a typical output cur-
rent is in the order of 200 ihua. 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 are 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. 

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-



§6-101 CAMERA TUBES 213 

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 

= ma (6-43) 

Similarly, from (6-24) the r.m.s. output noise current resulting from 

shot effect is 

= ‘7,2 CC V -77101 

It follows, therefore, that 

(6-44) 

(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, (SIN) 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, g, is produced by the cath-
ode-anode voltage. Further, a similar uniform magnetic field of 
intensity H 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 vo inclined at an 
angle O from the system axis. This initial velocity may be resolved 

into two components, one normal to the axis and of magnitude 
ro sin 0, and the other parallel to the axis and of magnitude vo cos O. 
These two components may he considered independently. 
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Consider, first, the normal component which is unaffected by the 
electric field. Since it causes the electron to move normal to the H 
lines, the electron will be subjected to a force 

f = gollEr„ sin O (6-46) 

f is a constant force normal to H and to the velocity component 
v. sin O and consequently causes the electron to rotate in a circular 

CATHODE 

APERTURE PLANE 
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 d  

Fig. 6-10. Magnetic focusing with a long, uniform axial magnetic 
field. 

path with peripheral speed v. sin 0 in the plane normal to the mag-
netic field. Since the path is circular, f is balanced by a centrifugal 
force 

- m(vo sin 0)2 
(6-47) 

Equating (6-46) and (6-47) we get for the radius of the circular path 

inv. sin O 
P — molie 

Since the electron moves with constant speed around the circle of 
radius p, the time, i, required for one trip around the circle is 

27rp  
r - (6-49) 

v. sin O µ0HE 

This last equation has interesting implications because r is independ-
ent of 0, v., and p. Thus all electrons 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, T. 

Simultaneously each electron is being attracted to the anode by 
the electric field which produces a constant axial acceleration 

(6-48) 
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- (6-50) 

and the resulting axial velocity component of the electron is 

cg 
ra. = 1,0 cos O (6-51) 

in 

We see, then, that the electron has two components of motion, one 
circular in a plane 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 r the electron will 
move an axial distance 

Eg T2 
= f vx dt = cos Or — - (6-52) 

ni 2 

and substituting from (6-51) for r we get 

27rin 
1=v— (0cos0± —µ01-1 (6-53) golie 

If now H is adjusted so that / is equal to d, the intercathode-aperture 
spacing, all those electrons leaving an area a on the cathode, and for 
which O is small enough that cos 0 1, will arrive in an equal area a 
in the plane of the aperture. Since this statement is true for any 
area a on the surface of the photocathode, it follows that an electron 
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 treatmentsu of the problem it is shown that 
other ratios of / to d may produce amplification, and that improper 
adjustment of H 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 H 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. 

" I. G. Maloff and D. W. Epstein, Electron Optics in Teleri.sion. New York: 
McGraw-Hill Book Company, Inc., 1938. 



216 CLOSED TELEVISION SYSTEMS 

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 magnetic shield wound of iron 
wire. This solution is used in connection with the image orthicon 
tube which, in common with the dissector, uses long-coil, magnetic 
focusing." 

THE ICONOSCOPE","•27 

We have seen 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 years8 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 
successive 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 characteristics. 

" R. D. Kell and G. C. Sziklai, "Image Orthicon Camera." R.C.A. Renew, 
VII, 1 (March 1946). 

22 V. K. Zworykin, "The Iconoscope— A Modern Version of the Electric Eye," 
Proc. IRE, 22, 1 (January 1934). 

22 V. K. Zworykin, "Television," J. Franklin Inst., 217, 1 (January 1933). 
27 V. K. Zworykin 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 y 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 
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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 ecce.ntric gun position. 24 
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. 
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Fig. 6-12. The type 1847 iconoscope which employs a semitrans-
parent mosaic and electrostatic deflection. 

with an f/2.3 pickup lens, provides sufficient illumination for still 
scenes.29 

In brief, the operation of the iconoscope is as follows: Under the 
influence of the incoming light image the mosaic islands emit photo-
electron3. 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 electron gun is caused to scan across the 
photosensitive face of the mosaic by the deflection yoke and suitable 
deflection currents. 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 element is, theoretically 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 

SIGNAL the other type of system. 
BEAM Nfi. PLATE 

WIDTH 6-11. The Storage Principle mICA 

SENSITIZED 
SILVER GLOBULES 

Fig. 6-13. Enlarged 
seetion of the ivonoscope 
mosaic. 

We have seen that the mosaic consists of 
a multiplicity of photoemissive globules of 
activated silver, each of which has capaci-
tance to the signal plate. An enlarged dia-
gram of a portion of the mosaic is shown in 

29 1847 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, r, 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 i, 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 = ip(r — r,) (6-54) 

where r, is the time for the beam to scan over and discharge one 
element. Since there are M such elements in the mosaic, re is the 
ratio of r to M. Thus the output current delivered by a single 

element when it is scanned is 

= = i,(M — 1) ge i,M 
r, 

(6-55) 

M generally exceeds at least 104; 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, n, 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 i„, 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 iconoscope, a compro-
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mise mosaic size of 9 X 12 cm is used. Zworykin has given the fol-
lowing constants as typical of a commercial iconoscope. 

wh e--; 100 cm' 

s = 15 Ma/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/lumen/cm2 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; uh = 100 cm2; Ro = 10 kilohms. (From V. K. 

Zworykin and G. A. Morton, Televiaion. New York: John Wiley & 

Sons, Inc., 1940.) 

that the linear relationship of the measured curves breaks down at 
higher level of illuminance. In fact, over a wide range of illuminance 
the e,, versus E characteristic is logarithmic, i.e., the relationship may 
be expressed as e. = 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 (e) 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 e 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 
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Fig. 6-15. Tube for investigating electron bombardment. (Cour-
tesy of Electronics.) 

influence of the accelerating voltage the beam of electrons emitted 
from the electron 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 electrode must 
fall back onto the target. As a result the ratio of I, to Ib 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 /c//b as the 

collector-target voltage is varied; the results are plotted in Fig. 6-16. 
As might be expected, as the collector becomes more negative the 
collector current decreases, the excess emitted secondaries returning 

to the target. 
We note that with a retarding voltage of 3 y the collector and beam 

currents are equal; hence the target current is zero, and the switch, 
K, may be opened without disturbing the circuit. Since nothing is 
changed electrically by opening the switch, we note that the target 

3" I. G. Maloff, "Electron Bombardment in Television Tubes." Electronics. 
17, 1 (January 1944). 
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Fig. 6-16. The current-voltage characteristic of a nickel target. 
(Courtesy of Electrouirs.) 

is at beam potential, but the collector is negative by 3 v with respect 
to the target. This is tantamount to saying that an insulated nickel 
target under bombardment by a 500-v electron beam will become 3 v 
positive with respect to the collector electrode. Any change in 
target-collector potential will cause a corresponding change in col-
lector current until this equilibrium value of 3 y is reached. 
These results may be generalized for any insulated target having a 

secondary emission ratio greater than unity and under bombardment. 
by a high-velocity electron beam: it will assume a potential of a few 
volts positive with respect to the electrode which collects the emitted 
secondary electrons. 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. Strictly 
speaking, since each 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 beam when the 
mosaic is in darkness, i.e., when no photoemission occurs. From the 
results stated above we know that, directly as an element is scanned, 
its potential reaches the equilibrium value relative to the collector. 
This process applies repeatedly as the beam passes from element to 
element. The secondary emission ratio is greater than unity and 
yet, when each element is driven to the equilibrium potential, the 
collector and beam currents are equal. This means that we must. 
account for the large number of secondary electrons released by the 

(§6-12 
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beam, which represents the difference between the secondary emis-
-ion 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 elec-
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 see 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 y 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 y 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 



—1-5 and (+3 — y). r is determined by the photoemission. As a 
result the output always depends on (+3 — y). For high mosaic 
illuminance r 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 circuit for the icono-
scope, based on the charging characteristic of the bombarded mosaic 
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-

1 lation of output voltage from the de-
1 T. vice. However, the circuit does serve 

to give a physical picture of some 
effects occurring in the tube. Figure 
6-17 shows the scanning action of 
the electron beam to be equivalent to 
a brush commutating across the sub-
elementary capacitances on the mo-

saic. Each element is charged to some voltage Eo 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 y and Eo flows and restores each condenser to 
its equilibrium potential. Since Eo 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. Moreover, 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, 0, 
previously defined in connection with eq. (6-55). From the data 
previously given its approximate, average value is 
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Fig. 6-17. Maloff's equiva-
lent circuit for an iconoscope. 
(Courtesy of Electronics.) 
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n (I)(¡) 8 per cent 

We have just seen that the excess secondary electrons emitted at 
the mosaic tend to cancel stored charge. They also cause two other 
deleterious effects: They 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 instantaneous 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 seen, 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 is 
that these secondaries are attracted to the more positive regions of 
the mosaic, i.e., to those regions which have the highest illuminance. 
From these facts it follows that the 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 R. 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 Ro. These conditions are shown in Fig. 
6-18. Fortunately they may both be corrected with the use of the 
d-c insert circuit described in a subsequent section. 
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Fig. 6-18. The output ut an iconoscope lacks a fixed black level 
and background level information. (a) Variation of illuminance 
along a scanning line. (b) The corresponding black-positive output 
signal. Notice that the black 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 mosaic delivers an 
output which again contains these same two components, the latter 

Fig. t1-19. A televised image showing the effect of iconoscope dark 
spot. (Courtesy of American Broadcasting 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 Fig. 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. It is desirable, of course, to eliminate 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 does 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-random 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. 

(a) (b) (c) 

MIMIBirntill1111111 
22222 1111101 , 

«Imm•M  

(d) 

Fig. 6-20. Common forms of dark spot. Each may be canceled 
by addition of its inverse, which is furnished by the shading voltage 
generator. (Photos courtesy of American Broadcasting Company.) 

Fig. 6-20e. Actual appearance of the horizontal saw-tooth shade of Fig. 6--20 (a). 



Fig. 6--20f. Actual appearance of the horizontal parabola shade of Fig. 6-20 (b). 

Fig. 6-20g. Actual appearance of the vertical saw-tooth shade oi Fig. 6- 20 (e) 

229 
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Fig. 6-20h. Actual appearance of a vertical parabola shade 

Once the horizontal and vertical components 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 analyze the dark spot, conse-
quently the procedure used is to make available a number 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 controls require little 
adjustment except where the over-all picture level changes abruptly, 
such as on a change of scene. A typical shading generator diagram 
is given in Fig. 6-21. The controls for the horizontal saw-tooth 
shade voltage are indicated by Pi and Si. Pi is a conventional po-
tentiometer that allows adjustment of the amplitude of the correcting 
saw-tooth wave. The polarity of the correction voltage may be 
reversed by means of SI, which changes the number of stages of 
amplification from an odd to an even number or rice versa. 
The parabolic wave form, or "center push" as it is frequently called, 
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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. 

231 

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 Fig. 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, 
parabolic, 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 seen 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 coupEng 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. 31 From 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,, Œ Ro (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 Ro, or 

En cc Nriio (6-58) 

From these two relationships we see that the signal-to-noise ratio 
tends toward an optimum as Ro is increased for 

(6-59) 
N En 

Viewed from the bandwidth point of view, however, Ro should be 
as small as possible to minimize the shunting effect of capacitance on 
the high-frequency signal components. This consideration imposes 
a severe limit on the value of resistance. For example, for a shunt 
capacitance of 25 ikmf a value of 1270 ohms is required for Ro to give 
a 5-mc 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 described by Barco both methods are used. 

Consider first the shunt capacitance present. This capacitance is 
the sum of the circuit 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 pre-
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 

/,:„ 
Yin = -E- (6-60) 

For the input circuit 

• ± (I.. 1,,)RK = E (6-61) 
ok 

Generally, lin < < I, 
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Fig. 6-22. Cathode degeneration may 1w used to reduce the input 
capacitance of the stage. 

hence (6-61) may be simplified to 

11"  +IRA = E (6-62) 
jo)C,,k 

By inspection, E« = E - IPRK (6-63) 

and from the equivalent plate circuit of Fig. 6-22b 

4  LE9  µ(E - IRK)  (6-64) 
r, + RK r, RK 

whence I, -   (6-65) 
(1 + it)RK ;JR': 

where et > > 1. Combination of eqs. (6-60), (6-61), and (6-65) 
yields 

juer,k  - (6-66) 
1 + gmliK 

A conventional grounded cathode stage is diagrammed in Fig. 
6-22c. If the Miller effect be neglected, the input capacitance will 
be simply C ok. It can therefore be seen that the degeneration pro-
vided by the cathode resistor RK in the cathode follower circuit effec-
tively reduces the input capacitance of the stage by the factor 
1/(1 ± g.RK). 

Let us consider the physical significance of this reduction in capac-

ity. C ole is the actual interelectrode capacitance between the grid 
and cathode. In the conventional stage the cathode is grounded 
and C. appears directly across the input terminals; hence C ok and 
the input capacitance are one and the same. In the cathode follower 
circuit the cathode is above ground by the IRK drop. C ok is no longer 
directly across the input terminals and the effective input capacitance 
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is determined by the magnitude of as shown in eq. (6-60). In 
the degenerative circuit, when a voltage is applied to the input, 
Eu = E — Ii,RK is the voltage appearing across the circuit capacitance 
c„,. The smaller condenser voltage gives a smaller input current 
with a corresponding reduction in effective capacitance appearing 
between the input terminals. 

This idea may be restated in a slightly different manner. In 
rig. 6-22c an applied voltage E causes a current joegkE to flow. In 

Fie. 6-22a the same applied voltage produces the current iwCgkE 
1 + gRK 

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 

presently that this same idea may be applied to the iconoscope 

Two other points must be mentioned in connection with the cath-
ode follower input stage. First, 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 

less noise than an equivalent pentode. Since a high g„, tends to 
reduce tube noise, it is customary to use a high-g,,, tube, such as the 
•‘t '7, but triode-connected, i.e., with both the screen and plate at 
ri-i• ground potential. 
The second point has to do with the biasing of the cathode follower 

stage. Generally RK 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 RK rather than to 
grtiund. By proper adjustment of the tap the d-c cathode-to-tap 
voltage may be set equal to the required bias. Tapping of RK for 
bias adjustment is shown in Fig. 6-23a. Notice that this tap has 
no effect on the input capacitance; it will, however, change the con-

ive component of the input admittance. 
‘Ve shall now determine how the same sort of treatment may be 

used to reduce the iconoscope output capacitance. In general, this 
capacitance will consist of two components, one within the tube be-
t %%pen the signal plate and collector and another one which is the 
ca pa vitance between the signal plate and the grounded shield which 
iiirrounds the camera tube and the entire video preamplifier chain. 
This latter external component may be reduced in a manner similar 
to that just described. As shown in Fig. 6-23h, a shield composed 



236 

CASE SHIELD 

CLOSED TELEVISION SYSTEMS 

(c) 

15011 

75011 

(a) (b) 

[§6-14 

Fig. 6-23. Reduction of the signal plate-to-ground capacitance. 
(a) There is capacitance 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 
circuit 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 shield. 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 shield capacity is in parallel 
with C ak and will be reduced by the same factor 1/(1 + g.Rx). 
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 circuit. 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-frequency 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. 6-23b? Recall 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 R2, which is part of R., 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 



§6-1 4] CAMERA TUBES 237 

stage. The equivalent circuit, neglecting the shunt capacitance, is 
given in Fig. 6-23c. Recalling that no grid current will flow because 
the tube is biased negatively and assuming that Ii < < I, we may 
write 

E = (6-67) 

and E, = E — ± R2) (6-68) 

For the plate circuit 

/„(R1 + R2 ± 7-5) = = ei[E — Ip(R1-1- R2)] 

µE 
whence P(R + R2) + 7.5 for ei > > 1 (6-70) i  

Substitution of (6-70) into (6-67) gives 

µER2  
E = (6-71) 

1.4(Ri + R2) + r,, 

1 
and, finally, 

Gi" = /73 1 + gm(Ri + R2)1 — 
[  1 + g„,Ri 1 

(6-72) 

Evaluation of this equat'on gives an effective R. lying between 
200,000 and 300,000 ohms It is interesting to note how the flow of 
plate current through R2 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 described in the last section, this shunt network has a 

4K 

(6-69) 

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 ( I-
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-e potential as the first preamplifier cathode. It 
been found experimentally that the shading is more satisfactory it 
the collector is at a slightly positive d-c potential with respect t the 
signal plate. It may be seen from the diagram that this potent jai 
difference is provided by the d-c IR drop across R2. The 1-megol 
resistor and 0.5-0 condenser comprise a filter for this voltage a gal 
ensure that the collector is at a-c ground potential. The 100-olio 
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 result of experience and 
not of theoretical considerations. One such technique involves t ls 
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 ineandeseent 
lamps of the flashlight type driven from a d-e 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. Care 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 explaneo i( iii 

presumes that some of the cesium is deposited on the interior 'vans 
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 f r4 tin 
the mosaic to the collector with a corresponding increase in the tit i-
lization of the stored information. 
A second practical consideration in the use of the iconoscope re-

quires that the entire surface of the mosaic, rather than only a la rge 
portion of it, be scanned by the electron beam. Aside from the 
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obvious fact that underscanning produces an undersized picture, it 
can also introduce electrical difficulties. The unscanned 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 pill lire information. 

6-16. D-C Insertion 

We have seen in a previous section 
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 broad 
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 c 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 c could be converted to that of 
either a or b by adding the appropri-
ate d-e 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-e value, thus 
causing the average component to be 
reinserted. 

that the 

BLACK 

50% GRAY 

WHITE 

B LACK 

50% GRAY 

WHITE 

iconoscope output 

- AVERAGE 

(a) 

I  

( 

(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. (c) Both sig-
nals produce the same a-c output 
signal. The average value is re-
duced to zero. 
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Fig. 6-26. The d-e insert circuit. Black level is set by adjusting 
the bias on V3. (a) Basic circuit. (b) Signal input to VI. The 
average value is zero. (c) Blanking input to V2. (d) Input to V3. 
(e) Output voltage across R3. 
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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 V1 and will appear amplified and inverted across RI. Simultane-
ously a positive-going blanking signal is applied to the grid of V2. 
Since R1 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 forced in the negative direction during the blank-
ing intervals. Any portion of the blanking interval signal may be 
forced below the cutoff level of V3 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 V3 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 
GUN 

MOSAIC 

Fig. 6-27. Constant angular deflection produces a keystone-
shaped raster on the mosaic because of the eccentric position of the 
electron gun. 

of the mosaic, 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 mosaic, 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 he accomplished by causing the amplitude of the horizontal 
deflection current to decrease as indicated in Fig. 6-28a. 

t 

(a) (b) 

Fig. 6-28. Keystone correction. (a) Line and field deflection 
currents for keystone correction. (b) Simple form of keystone cor-
rection circuit. 

A simple form of a keystone correction circuit32 is shown at b in the 
diagram. Since the required change in amplitude in ih is in phase 
with iv, the latter is used to develop a variable bias on the grid of 
The resulting output across Ri 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 V2 to the same source of variable 
bias. The two field frequency components appearing at V2 are in 
phase opposition and may be made to cancel out. The current out-
put of V2, 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 mosaic 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 

" R. D. Kell, A. V. Bedford, and M. A. Trainer, "An Experimental Television 
System—The Transmitter." Pro. IRE, 22, 11 (November 1934). 
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a common point. This master sweep generator provides the neces-
sary keystone correction circuits, 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 case, 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, 
i.e., with the electron 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 summarize the characteristics 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 instantaneous 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. Considerable control of the color response is available 
during manufacture when the mosaic is being activated. To coun-
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 Engineering 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 described is that it has excellent 
resolution and delivers pictures of high quality. This is possible 

because the 1-kilovolt second anode potential permits extremely 
sharp focusing of the scanning beam. We have already seen 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 linear voltage-illumination 
characteristic and the output end a linear intensity-voltage relation-
ship. These ideal characteristics would provide a one-to-one rela-

3, The subject of depth of field is handled analytically by H. Jams, G. A. 
Morton, and V. K. Zworykin, "The Image Iconoscope." Proc. IRE, 27, 9 
(September 1939). 

34 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 

linear in light output. It follows, therefore, that the logarithmic 
response of the iconoscope prevents the desired one-to-one light 
relationship, giving some compression in the picture highlights. It is 
fortunate, however, that the eye 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 eye 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 Iconoscopen 

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 Fig. 6-29, the image iconoscope differs from the 

iconoscope in two main respects: 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 electron image in a manner similar to that previously 
described for the image dissector. Under the action of the axial 
magnetic field and the electric 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 

" H. Inins, G. A. Morton, and V. K. Zworykin, op. cit. 
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Fig. 6-29. The image iconoscope. 
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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 effi&ent as a photoemitter than a 
photosensitive mosaic. Typical values of luminous sensitivity which 
may be obtained are 20 to 50 µa/lumen, the higher values correspond-
ing to those surfaces which are rich in infrared response. 

(2) A high electric 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, r 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 scanning the mosaic 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 
LIGH T WINDOW 

LII 
25V 

MOSAIC 

Fig. 6-30. The basic low-velocity electron-beam 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. lams, "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 beam electrons, which will then reverse direction 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 respect to the collector, all the photoelectrons are pulled 
away to the collector and the photoemissive process is saturated. 
Furthermore there will be no dark-spot distribution on the mosaic 
and the image will be retained as stored charge in the mosaic-to-
signal plate capacitance. Consider a small element of mosaic whose 
voltage is positive relative to its equilibrium value. Instead of 
repelling the scanning 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 Ro. 

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 mosaic can only repel the normal component 
of the beam electron velocity. Hence if the beam 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 resutt in the generation of a 
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Fig. 6-31. Schematic diagram of the orthicon tube. 
(Courtesy of RCA Renew.) 
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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 electric field 
normal to the tube axis. Neither field affects the axial component 
of the electron velocity, v., 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 

UPPER 
DEFLECTION PLATE 

Vo 

Fig. 6-32. Horizontal deflection in the orthicon. (a) Deflection 
with crossed electric and magnetic fields. H is due to the focus coil 
and is parallel to the direction of v.. (b) Electron velocities at the 
point A. (e) Electron velocities at the point B. 

H 

(b) vv 

may be seen. The upper plate is assumed to be positive with respect 
to the lower plate. Consider the forces on an electron 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 velocity r0. 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 B the electron will have a hori-
zontal component of velocity vh. This added to the corresponding y„ 
and v,, gives the resultant velocity shown at e in the figure. If 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, i.e., 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 ô without affecting its velocity in magnitude or 
direction. .5 is proportional to the electric 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 cy-
cloidal motion of the electron as it leaves the plates. 
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plates actually used flare outward toward both edges. This produces 
an electric 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 (5, 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 mosaic. 

6-22. 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, i.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 difference 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 occurs at the mosaic, 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 n, 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 7 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(InpuW (6-73) 

Thus y is defined as the exponent in (6-73). Taking logs of both 
sides of the equation we get 

log (Out) = log K -y log (In) (6-74) 

which is the equation of a straight line of slope 7. 7 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 7 of unity. Contrast 

this with the iconoscope, which has a -y 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 of 

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 Radio 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. Schematic diagram of the image ort hicon tuloe. (('our-
t usy 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 H. B. Law, "The Image Orthicon—A Sensitive 
Television Pickup Tube." Proc. IRE, 14, 7 (July 1946). See also, R. B. Janes, 
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 
electron 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 he 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 y 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 each element, the emission 
being proportional the illuminance. 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, T. 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 r will be 

q = rsaEr (6-75) 

where it is assumed that the time to release the stored charge, r, is a 
negligibly small fraction of T. This was shown in reference to (6-54). 
The factor r 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 screens 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 field. 

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 rear 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 occur 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 dielectric 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 neutralize 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-

scribed 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 element 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 
scanning and exposure. (b) Before scanning and after exposure. 
(e) After scanning. (d) One frame leer and before the next ex-
posure. (e) Charging an insulated condenser. (After Rose, 
Weimer, and Law.) 
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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. 6-36e. A battery of e.m.f. V 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, C8. Since the two condensers form a series voltage 
divider, the voltage drop from terminal 2 to ground will be 

VI — V 
C C. 

but in general C. < < C, so that VI 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 c 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. 
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Remember, all these actions that have been described occur 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 scan one element. 
Then the charging or output current is 

= Ib — j == rsaE (6-76) 
r, r, 

where lb is the beam current and Ic is the collector current or current 
returning from the mosaic. But T/T0 is the figure of merit and Ma 
is the target area wh. Therefore 

= rsEwh. (6-77) 

6-25. The Electron Multiplier 

The electrons in the scanning beam have been described as having 
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 m be the over-all multiplication ratio,' the final output current of 
the image orthicon becomes from eq. (6-77) 

/0 = 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 increase the number of multiplier stages for an even 
more substantial increase in output. The answer lies in noise. 
With the iconoscope the output current is so small that the shot 

noise from the scanning beam is largely masked by the Johnson noise 
in the coupling resistance, R.. 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 calculate the maximum useful value of m by the use of 
eq. (6-24) and (6-26) and Ohm's law. 

6-27. Characteristics 

From the equation for output current (6-78) we see that the 
relationship between output current and mosaic illuminance is linear 
just 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 described by eq. (6-78). 
At B the illuminance is great enough 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 occur 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.) 
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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 

MIS 

(d) (b) 
Fig. 6-38. Reproduction of a light spot at low and high spot bright-

ness. (Courtesy of Proc. IRE.) 
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remains saturated and delivers a white signal. This effect is shown 
in Fig. 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 vicinity of the highlight. In a normal picture with 
fine detail the halo cannot be observed because of its small size; good 
contrast is maintained except in large dark areas. 

If the mosaic 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 increase in element capacitance that takes place 
when the illuminance is sufficient to give the entire target some charge 
during a small portion of the frame interval. This condition occurs 
at C where the capacitance per element 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 electrons 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 is caused by the low-velocity secondary electrons 
which, after being released from the target's front surface, return 
in a semirandom shower to 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 described 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 Ro is inherently large, and the larger the value of 
Ro, 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 Ro to balance the requirements of signal amplitude and 
high-frequency response. Since the limitation on the maximum value 
of Ro 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 ¿if and the compro-
mise is effected by using an Ro of 300 kilohms. Even 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 comparatively low value of shunt capacitance, 
about 30 Ari.d3° 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 capacitance of the last multiplier dynode, the capacitances of the 
shielded video cable, 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. 6-39.4° 

The effective coupling resistance used is about one-tenth of that used 
with the iconoscope. The first two stages are designed to be fiat 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, Inc., Operating and Maintenance Manual— 
Du Mont Model TA-124-B Image Orthicon Chain, 1948. 

'° " Television Field Pick-up Equipment Instructions." RCA Engineering 
Products Department. 
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Fig. 6-39. Typical image orthicon preamplifier. The "high 
peaker" circuit is shown in the inset. (Courtesy of Radio Corpora-
tion of America.) 

which is inserted between V2 and V. As may be seen from the inset, 
this network is a frequency-sensitive voltage divider. At high fre-
quencies, C2 shorts out R1 and the full signal voltage appears across 
R2. At low frequencies, however, C2 appears as an open circuit and 
only a small fraction of the signal is delivered to the grid of V3. It 
will be observed from the magnitudes of the circuit components that 
the peaker provides severe attenuation of the lows, a factor which 
provides the required high-frequency compensation and tends to 
eliminate low-frequency microphonic noise generated in the first two 
preamplifier 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 my 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 y 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 7, defined by 

Ei Ei 
(7-1) 

265 
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where E i 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 
A= 

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 A in polar form, thus, 

hence 

(7-2) 

E 
A = A /d) = /e. — s (7-3) 

E A 
Ei 

and = — 

The magnitude of A we shall call the amplification of the network; 
is the network phase shift and is defined as a negative quantity when 

the output voltage E„ lags the input, E. 
If a number of stages of amplification are cascaded and each stage 

has a complex amplification 

Ak = 
ik 
Eok 

the over-all complex amplification will be 
E AT = on 

Ejl 

In the system of cascaded amplifiers the output or any stage is the 
input of the following stage; hence we may expand the right-hand 
member of (7-6) as 

whence 

and 

E E.., Ea E„ 
• • • 

Ei3 Ein 

= AiA2A3 • • • A„ 

AT = A 1.42A3 • • • A. 

= (4:froi — Oa) + (Oa — Oa) ± • • • 4. — 

= eon — 

(7-7) 

(7-8) 
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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. i.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 frequency, 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 ck, the total phase shift. The input voltage 
of a single component may be expressed as 

ei --- E sin (cot ± cp,) (7-9) 

After passing through the amplifier, it will appear across the output as 

e. = AE sin (cot -I- O.) (7-10) 

or we may also write 

e. = AE sin (cot n7r) (7-10a) 

where n is any positive or negative integer. That this is valid may 
be seen from the following considerations: if n 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 t; hence we may define a new 
time variable t', such that 

cot' ± 4 = cot ± n7r- (7-11) 

and rewrite (7-10a) as 

eo = AE sin (we -I- (kJ) (7-12) 

We may also express the output voltage as the input voltage delayed 
by a time interval r, thus 
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e. = .1E sin [w(t rpd (7-13) 

Then from (7-12) and (7-13) we see that 

t' = t (7-14) 

Substitution of (7-14) into (7-11) finally yields 

rt, = rt)„ — rt.; = co- — fir = 27rrf — fir (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 ir 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 f0 and phase Oa and the other of frequency 
fb and phase 1Pb, be applied to the amplifier input. At any time t 

this voltage will be 

ei = E. sin (wet + 4,$) Eb sin (Ube lieb) (7-16) 

and the corresponding output voltage will be 

e„= AaEo sin (wet 4-1,1/. (1)0) AbEb sin (wbt Vib 44) (7-17) 

where A. -= amplification at f. 
dee = phase shift 

Now if fb is k times as great as f., or 

fb = kfa 

A b = amplification 
cbb = phase shift f 

at fb 

(7-18) 

and if the amplifier satisfies the no-distortion criteria which have 
been stated, 

A -= A. = Ab (7-19) 

and = 2irrfa — fir 

e, = 2irrfb — fir (7-20) 

= k2irrfa — fir 

substitution of (7-19) and (7-20) shows that the output signal will be 

e. = AE. sin [(teat 2irrfa) ‘tia — 

AEb sin [k(cobt 2rTf.) 'Pb — nir] (7-21) 

Since this equation is true for any time t, we may define a new time 

variable t' such that 
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coat' --- co.t 271-11. (7-22) 

and the output voltage becomes 

e. = ±A[E a sin (c.o.t' ii,o) Eb sin (wbe 11,/,)] (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; 4, shall be linear with 
frequency in the pass band with a phase intercept ror or, alternatively, 
the time delay, r, 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. 

(a) 

1E0 

(b) 
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 C1 and C. on R1 and R2 is negli-
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(a) 

gE  

(Lr)c0-1- P r I Pi R2 

T  (b) 

(C) 

Fig. 7-2. The operation of the resistance-coupled amplifier may 
he considered in three separate frequency hands. (a) Equivalent 
mid-hand circuit. (b) Equivalent high-band circuit. (e) Equiva-
lent low-hand circuit. 

Éph 

gible. In this mid-band we may use the equivalent circuit of Fig. 
7-2a, and we have for the complex output voltage, which is defined as 

41 voltage drop from plate to ground,' 

E.. = - g.E,R. 

1 1 1 1 = _ 
R. R1 R2 

E . 
A„, = E, = -g.R. (7-25) 

Therefore A = = g.R. (7-26) 
MID-BAND 

and = 180° J (7-27) 

where 

(7-24) 

As the frequency increases above the mid-band range, the reactance 
of the three, condensers decreases further, and the shunting effect 
of C. and Ci is no longer negligible. Since Ce has negligible reactance, 

In the amplifier diagrams an arrow is used t,o indicate t he positive direction 
e a voltage rise. 



§7-21 VIDEO AMPLIFICATION 271 

Ci, and Ci are in parallel and may be lumped into an equivalent shunt 
capacitance C., equal to 

C. = Co Ci (7-28) 

The simplified equivalent circuit of Fig. 7-2h obtains and the output 
voltage is 

-gmEi -Eig„,R„,  
/ c tan (wC„R„,) (7-29) 

E.,,, juc. "V1 ± (wC.R.)2 

and the amplification in the high-hand of frequencies, Ah, is 

Eoh   
- - -V1 ± ( C„R.,)2 / arc tan (coC,,R.) (7-30) Ei co  

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) 

Ah 1 
/ arc tan (coC,,R.) 

A. VI. + (coC„R,02 
In magnitude the relative amplification is 

A„ 1 

(7-31) 

HIGH-BAND (7-32) 
-1/4  (coC,,R,02 

and the relative high-band phase shift, Oh, is 

Oh = — = — arc tan (coC,R.) HIGH:BAND (7-33) 

where the negative sign indicates that the high-band output lags the 
mid-band output. 

Generally in the calculation of response curves it is convenient to 
work in terms of a normalized frequency, the reference being the so-
called half-power frequency. This may be forced into the last two 
equations in the following manner. If a constant-amplitude variable-
frequency voltage be applied to the input of the resistance-coupled 
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 

ph iFh y2 (A, V. 1  
= P,,, 1 + (wC,R,,.)2 

(7-34) 
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We now ask this question: Is there some frequency12 in the high-
f requency 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 

hence 

or 

1  1  

2 1 ± (w2CaR.)2 

co2CaR„, = 1 

1  
12 - 271-C „R. 

(7-35) 

(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 f2. 

and 

A, 

Oh = 

HIGH-BAND 

(7-37) 

(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. (a) Gain. (h) 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.2 inspection of these 
curves shows that to an excellent approximation the upper limit of the 
mid-band of the amplifier lies at one-tenth ef 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 Ci 
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. 7-2c. For the low-band output voltage we have 

R 

= - g„,E,  r„  R2 (7-39) 
(R2 + 

ri, ± Rif coC, 

Then, factoring out the term in the parentheses from the denom-
inator, we get 

,E,  rail&  

E01 - g" - r,± 
(R2 + r,,R1 [ 1 

r„ R1f 
coC, (R2 4- 7P-19] r„ 

- E, gme». (7-40) 
1 - 

coCcRL 

where RL = R2 + r (7-41) 
r„ Ri 

It follows that the low-band complex amplification is 

g„,R„,  
4.21 Ei 

1 
WCCRL 

(7-42) 

and for the relative amplification and relative phase shift we get 

2 See, for example, F. E. Terman, Radio Engineers' Handbook. New York: 
McGraw-Hill Book Company, Inc., 1943, p. 357. 
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A 1  1 

A. - I 1  

\ I 1 ±( ) 

ej = — = +arc tan (  1  \ 
wCclic) 

Low-BAND 

I§7-2 

(7-43) 

(7-44) 

These expressions may also be normalized, this time with respect 
to the lower half-power frequency, fi. Defined in a manner analo-
gous to f2, fi is that frequency at which the relative amplification 
falls to 0.707 and occurs when 

(AnC,RL = 1 

1  
or h - (7-45) 

27C,Rt, 

Substitution of , this identity into the previous low-band equations 

yields 

and 

1 

1 ± LOW-BAND 

01 = arc tan 

(7-46) 

(7-47) 

Since OE 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 typical 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 

10f1 < f < 0.1.f2 MID-BAND (7-48) 

Notice in the derivation above that the accent has been shifted 
from amplification and phase shift to their relative values, A/A. and 
O = 4, - O.. We therefore must convert the criteria 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 /Am must remain at unity. Second, by definition, 

0 = - r 

= (27rrf - nr) - r = 27rrf - (n ± 1)r (7-49) 
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Then since n is any integer, positive or negative, the same criterion 
for no distortion applies to O as to 0. 

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 O 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 be 
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 mc. By (7-48) we see that the 
amplifier must be designed so that its upper half-power frequency is 
10 X 4.5 = 45 mc. From eq. (7-35) we see that 12, 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 Aid, 
thus (7-351 requires a value of R. 

1  
2r(4.5 X 107)(2 X 10—n) — 173 ohms (7-50) 

With a transconductance of 9000 micromhos. the 6AC7 will have a 
corresponding mid-band amplification of 

= g.R,„ = (9 X 10-3)(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. 

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 basic 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 Fourier analysis does not 
obtain in this case and we are faced with the following problem: 
What sort of response characteristics 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 concept is well known and in fact has been used 
several times in this book where a voltage or current has been 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 calculate 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 calculation 
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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 = O. The 
resulting applied voltage has the familiar form plotted in Fig. 7-4 

 ea) 

o 

Fig. 7-4. Unit function, a basic test voltage. 

and is known as a step function. If the amplitude of the step is 
unity, the form is known as "unit function" 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 

3 H. A. Wheeler, "The Interpretation of Amplitude and Phase Distortion in 
Terms of Paired Echoes." Proc. IRE, 27, 4 (April 1939). See also S. Goldman, 
infra, chap. 12. 

4 M. J. DiToro, "Phase and Amplitude Distortion in Linear Networks." Proc. 
IRE, 36, 1 (January 1948). 
5 S. Goldman, Transformation Calculus and Electrical Transients. New York: 

Prentice-Hall, Inc., 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.6 We should note that this is a direct 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 he synthesized 
from suitably weighted sinusoidal components. For our purpose it is 

Fig. 7-5. A nonrepetitive wave form may be 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 each 
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 case the wave 
form of the signal is constant at some d-c value in the region of the 
gray signal. In the extreme case, where the whole picture is 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 he able to main-
tain a constant d-c 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. cit., chap. 4, or L. B. Arguimbau, Vacuum 
Tube Circuits. New York: John Wiley and Sons, Inc., 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 calculate 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 can be made. To 
illustrate this let us consider the physical behavior of the circuit when 
a step-function grid voltage is applied. At t = 0 the current gmei 
begins to flow. Now since the voltage across a condenser cannot 
change abruptly, initially g„,ei 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, > > Ci, most of the voltage drop across them will appear across 
thus in the region of the step in the applied wave, we may neglect C, 
and consider it to be shorted out. Further, in the typical amplifier 
R2 > > RI, so that in the vicinity of the step, a much smaller current 
flows through R2 than through R1. 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 Fig. 7-2h, but with 
R. = RI. Remember that with C, shorted out, C„ and Ci are in 
parallel and their sum is defined as Cs. We may now solve for the 
instantaneous output voltage, eo, by using Kirchhoff's current law. 

Let 2.1 = instantaneous current in R1 
(7-52) 

= instantaneous current in C. 

Then (7-53) ¡I = 

e. , de. 
or — = gmei (7-54) 

dt 
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By collecting terms and separating the variables we get 

—de. dl 
(7-55) 

gmeiRi — e. — Re8 

and integrating 

In (gmeiRi — e.) = — In K (7-56) 

K being the constant of integration which may be evaluated for 

at = 0, e. = 0 

thus In K = In g.eiRi (7-57) 

Then if (7-57) is substituted into (7-56) and antilogs are taken, 
there results 

e. _ (7-58) 

which is the response of the R-C amplifier to the discontinuity in an 
applied step function. We see, then, that the output voltage response 
to the discontinuity in the applied step voltage is of a familiar ex-
ponential form which is replotted in Fig. 7-6a for convenience. From 
this curve we observe that the time constant RIC0 must be small if the 
rise from zero to full response is to occur in a short interval of time. 
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Fig. 7-6. The basic exponential curves. (a) 1 — e tIRC. (b) e-t/Re. 

We shall investigate this condition more carefully later in the section. 
We may summarize our results so far by noting that: ( 1) The response 
to the discontinuity is exponential. (2) High gain demands a large 
value of R1 whereas short rise time requires a small value of RI; 

therefore high gain and short rise time are incompatible. (3) The 
response to the discontinuity depends upon R1 and C., which are also 
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the determining factors in the high-band steady-state response; on 
this basis we might expect that the transient response to a dis-
continuity in applied voltage is related to the high-frequency steady-
state characteristics of the amplifier. 

Let us now consider the behavior of the circuit after some finite 
interval has elapsed after the application of the step voltage. When 
Ci has become almost fully charged, the voltage across the coupling 
condenser C. must be taken into account. When this condition ob-
tains we may effectively neglect C. and assume that a constant voltage 
g mee, is applied to C. and R2. Our previous studies have shown that 
the output voltage would be 

e. = voltage across R2 

= gmejRle (7-59) 

which is the response of the R-C amplifier to the flat portion of c.n 
applied step voltage. From this equation which is replotted for 
convenience in Fig. 7-6h we see that the time constant R2C, mu ho 
very large, in fact infinite, if the output voltage is to remain conotant 
at a fixed d-c level. In summary, we note that after a finite interval 
after application of the step voltage: (1) The transient response 
decays exponentially. (2) The time constant R2C, should be high. 
(3) The response depends upon R2Cc, which is also the determining 
factor in the low-band steady-state response; hence we might expect 
that the transient response to the flat-topped portion of step function 
is related to the low-frequency steady-state characteristics of the 
amplifier. Furthermore our analysis shows that we are justified in 
handling the response to the discontinuous and flat-topped portions 
of step function as two separate problems. 

Let us apply these results to calculate the transient response of a 
resistance-coupled amplifier for the duration of one active scanning 
line interval, which under commercial telecasting standards is ap-
proximately 51 psec. Let the circuit constants of the amplifier be 

g. = 9000 micromho R2 = 100 kilohms 

= 5000 ohms C, = 0.1 1.tf 

C, = 20 gd 

Then the mid-band gain of the amplifier will be 
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and 

A = f/mR1 = (9 X 10-3)(5 X 102) = 45 

= (5 X 103)(2 X 10-") = 0.1 sec 

R2Cc = (1(P) ( 10-7) = 10-2 sec 

The response to the discontinuity is shown in Fig. 7-7a. From this 
curve the 10 to 90 per cent rise time is seen to be 2.2RIC. = 0.22 2sec. 
Since the R2C c time constant is long in comparison to the active 

Tr sw 0.22 izsec 
Td z 0.07/2 SEC 

RiCs = 0.1 /I SEC 
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(b) 

Fig. 7-7. Transient response of the resistance-coupled amplifier. 
(a) In the vicinity of the discontinuity in an applied step function. 
(b) After the full response has been reached. 

100 

line interval, we may assume that the exponential decay after the 
build-up has occurred may be replaced by a linear decay which has 
a slope equal to the initial slope of the exponential, that is, 

de. -I/ Rec] _ 1 —t/R2C1 — E 
tit e-o R2C c - o 

1 
= — = 10-2 v/sec 

/121.,c 

This result may be stated in a different way. Assuming e0 to decay 
at a constant rate during the line interval we may write 

e. = g meiRic-'/R2c g meiRe (1 — 
ree, e 

and the "tilt" of the output wave will be 

e,,J51  — eck t 53 X 10-6 
tilt.= 0.53 per cent 

eok R2Cc 10-2 

These results are plotted in Fig. 7-7h. Whereas they appear quite 
satisfactory for a single stage, if a number of these stages are cas-
caded, the rise time and decay will both increase and the specification 
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of the transient requirements becomes quite difficult. We shall con-
sider this problem later in the discussion. 

Thus far we have seen in a qualitative manner that the transient 
and steady-state responses are interrelated. We next consider an 
analytical method of expressing this interrelationship, the Fourier 
integral. 

7-6. The Fourier Integral 

It is beyond the scope of our work to derive the Fourier integral. 
We shall, however, briefly describe some of its properties and state 
the mathematical results which are of aid in our discussion of video 
amplifiers. The Fourier integral is a generalization of the Fourier 
series, which permits a nonrepetitive pulse, such as unit function, 
to be expressed as an integral (summation) of an infinite number of 
sinusoidal frequency components, each of infinitesimal amplitude and 
spread continuously over the frequency spectrum from zero to infinite 
frequency.7 If unit function is applied to a network having the 
steady-state characteristics A (w) and (kW, the method of the Fourier 
integral states that the response of the network will be 

e (t) _ IA. A (w) sin RA --1- econ 
- 2 27 j_ dco 

RESPONSE 
TO UNIT (7-60) 
FUNCTION 

Equation (7-60) shows the direct relationship between the transient 
and steady-state responses of a network which we anticipated in the 
last section. It further shows one of the chief difficulties of the 
Fourier integral approach: if mathematical evaluation is to be used, 

the steady-state response characteristics of the network must be 
stated analytically. This means, for example, that the curves of 
Fig. 7-3 would have to be stated in equation form and the result-
ing integration becomes quite difficult. Alternatively some form of 
graphical integration may be used. 
The use of the Fourier integral may be demonstrated by calculating 

the transient response of an amplifier which has ideal characteristics 
from a steady-state point of view. We choose this example because 
the integration is straightforward and yields some interesting results 

7 This should be contrasted to the Fourier series where the components have 
finite amplitude and discrete frequencies which are integral multiples of the 
fundamental repetition rate. 
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of general applicability. The ideal low-pass amplifier has a uniform 
amplitude response, A, up to a cutoff frequency, and zero for all 
frequencies higher than Its phase characteristic is linear in the 
pass band and given by (i) = cord, Td being a constant. These steady-
state responses are plotted in Fig. 7-8a. The significance of negative 

= cvrd 

(a) 

1.0 

0.5 

Td 

(b) 

APPROX. 
277 
at -1 

Fig. 7-8. The response characteristics of an "ideal" amplifier. 
(a) Steady-state response. (h) Transient response. 

frequency is that the rotating vector, which represents the negative 
frequency component, rotates in a clockwise, or negative, direction. 
We now substitute these responses into eq. (7-60). Notice that 

A (w) is zero everywhere outside the pass band so that the contribution 

to the integral is zero at all frequencies j(d I > ; hence we have 

e.(1) = + 1 f A sin (cdt — cord)  
dco (7-61) 

2 27r 

Then, multiplying numerator and denominator of the integrand by 
(t — rd), we get 

0. 
eel = 1 + A f sin cd(t —  d[w(i _ rd.)] 

2 27 -0, (0(1 — rd) 

A ..1 sin u A A 
— — du = — — 8.1(x) 
2 f0 2 7r (7-62) 

where u --- (0(t — rd) and x = coc(t — T 

The definite integral Si(x) of (7-62) is well known and its evaluation 
as a function of x, the upper limit, is available in the literature.3 
The result is plotted as a function of time in Fig. 7-8b. 

8 See, for example, F. E. Terman, op. cit., p. 16. 
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We may note a number of significant points from this response 
curve. First, the transient response of an "ideal" amplifier is not 
ideal at all; it exhibits "overshoot" and "ring," that is, it rises above 
and then oscillates about the 100 per cent response level, and displays 
a finite rise time, r,-. This fact shows that extreme care is required 
in setting up the requirements for a video amplifier in terms of steady--
state responses alone and further shows why a study of transient 
response is so necessary. Second, an amplifier having "ideal" steady-
state characteristics is a mathematical fiction which cannot be realized 
physically. This follows because the response curve of Fig. 7-8b 
shows a response for t < 0, indicating that the network responds 
before the test signal is applied! These facts are of far-reaching 
consequence, in fact, it may be shown that A (w) and fp(w) are inter-
related' so that only one but not both of these characteristics may 
be set up arbitrarily, as was done in Fig. 7-8a. This may be verified 
in a qualitative fashion for the resistance-coupled amplifier, for eqs. 
(7-32) and (7-33) show that high-band amplification and phase 
response are both functions of the same quantity, coCaRI, and hence 
must be interrelated. Third, rd, the delay time, or the interval by 
which the 50 per cent response point lags the time of application of 
the step test signal, is equal to the slope of the steady-state phase 
response curve. Fourth, if the linear region of the build-up portion 
of the curve be extended to intersect the 0 and 100 per cent response 
levels, rr, the rise or build-up time may be defined as the time interval 
between these two intersections.'° This interval may be related to 
the steady-state cutoff frequency because at any time t the slope 
of the output voltage may be obtained by differentiating (7-62), thus 

dro(t) A sin x 
wc (7-63) dl r x 

But the linear portion of the curve occurs at t = rd, where x = 
and (sin x)/x = I. Thus the slope of the linear portion is 

deo(t)1 Aco 
= = A2fc (7-64) 

ell ji-,d r 

9 See, for example, S. Goldman, op. cit., p. 128. 
" It should be noted that a more common definition of rise time is that interval 

required for the response to change from 10 to 90 per cent of its final value. 
This definition leads to more exact results in practice because the 10 and 90 
per cent points are clearly defined. The definition used in this section is chosen 
for mathematical convenience. 
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and from the figure 
.4 1 

= 
(7-65) 

This last equation is a statement of Küpfmiiller's rule that in a net-
work having the ideal low-pass characteristics shown in Fig. 7-8a the 
rise time is one-half the reciprocal of the steady-state cutoff frequency. 

Statements 3 and 4 show again that the transient and steady-state 
responses are interrelated, and that given f, and OW we may calcu-
late the rise and delay times in the transient response, at least for this 

ideal case. 
One other important general observation may be derived from the 

preceding results. Notice that if f,. is raised the rise time decreases. 
Furthermore for the ideal amplifier if fr is raised the slope of the OW 
curve will decrease with a corresponding decrease in delay time. It 
would seem that a good transient response would result if the steady-
state bandwidth were infinite. Obviously this condition cannot be 

met in practice. 
It must be stressed that the quantitative results which have been 

derived apply only to the "ideal" amplifier which was chosen because 
its A (w) and cio(w) characteristics may be integrated easily. Hence 
some care must be exercised in extending the results to amplifiers 
which may be realized in practice. Moskowitz and Racker" have 
suggested a handy rule-of-thumb extension of statement 4, which 
relates rise time to cutoff frequency. It is a physical fact that pulses 
encountered in practice do not have abrupt transitions or discon-
tinuities but actually have finite rise times. For example, the hori-
zontal synchronizing pulses used in commercial television have a rise 
time of approximately 0.25 µsec. The rule states that where the 

applied pulse has such a finite rise time, say rp, the transient response 
of an amplifier having a sharp cutoff characteristic will be satisfactory 
if Tr for the amplifier is less than Tp of the pulse. In other words, the 
cutoff frequency should he at least 

1 f, 
2r, 

Where the amplifier has a gradual cutoff characteristic, a lower 

cutoff frequency may be tolerated, or 

(7-66) 

1, S. Moskowitz and J. Rucker, " Pulse Amplifier Design." Radio-Electronic 
Engineering Edition of Radio and Telerixion News, 10, 2 (February 1948). 
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3r„ 
(7-67) 

7-7. Cascaded Video Amplifiers 

In the interests of the work to follow we must consider what effect 
the cascading of n identical amplifiers has on the transient response. 
Palmer and Mautner'2 have shown that if the overshoot," -y, per stage 
is less than or equal to 2 per cent, the decrease in bandwidth of the n 

stages is the factor 1/177z, or in other words, the rise time for the 

n stages is times that for a single stage. It may also be shown 
that ^y increases with n, and that if the limit per stage is held to 2 per 
cent or less, the increase in -y due to cascading will not give un-
satisfactory results." This will be demonstrated by curves later in 
the chapter. 
These data allow us to specify roughly the requirements for each 

stage in a cascaded chain of video amplifiers: The overshoot, -y, shall 
be as small as possible and not exceed 2 per cent; and the rise time, 

r,, shall be 1/ Vie times, or less than, the maximum allowable rise time 
of the whole system. Since rise time is related to cutoff frequency, 
this is tantamount to putting a lower limit on the cutoff frequency. 
In more advanced texts it is shown that the tendency of a transient 
response to ring, that is, to overshoot and oscillate about the 100 per 
cent response value, is related to steepness in the A (w) response 
characteristic. The steeper the cutoff, the greater is the ring charac-
teristic; hence most video amplifier designs are based on a more or less 
gradual cutoff so that a less strict requirement is placed on the cutoff 
frequency. 
From our study of the resistance-coupled amplifier the following 

facts are evident: 

12 R. C. Palmer and L. Mummer, "A New Figure of Merit for the Transient 
Response of Video Amplifiers." ¡'roc. IRE, 37, 9 (September 1949). See also 
S. Moskowitz and J. Racker, op. cit. 
"See Fig. 7-8b. -y is the amount by which the response goes above the 100 

per cent level, expressed as a percentage of the full response. 
" G. E. Valley, Jr., and H. Wallman, Vacuum Tube Amplifiers, M.I.T. Radia-

tion Laboratory Series No. 18. New York: McGraw-Hill Book Company, Inc., 
1948. Where the per stage overshoot is from 5 to 10 per cent, -y increases ap-

proximately by the factor N/Tt. The more exact expression for rise time is 

= 142,1 1-2,2 ± • • • + f2rn 

where rn is the rise time of the kth stage. 
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Let (f)T = bandwidth of n cascaded identical stages, 
AT = amplification of n cascaded identical stages, 
zXf = bandwidth per stage, 
A = amplification per stage. 

Then if y is 2 per cent or less 

and 

(W)7. = 
Vn 

(7-68) 

AT = An (7-69) 

The gain-bandwidth product of the cascaded series will therefore be 

Ar(er = A" (7-70) 
Vn 

It is clear, then, that gain may be traded for bandwidth or vice versa, 
with n a controlling factor. Ideally the gain-bandwidth product per 
stage should be as high as possible to allow a minimum number of 
stages to be used. For the single-stage resistance-coupled amplifier, 
this product is 

1  
AI — 

271-CaRI 

A = g„,Ri 

A àf = 
27E-C. 

(7-71) 

a function primarily of the tube. The quantity g./2rC, is often 
specified as the figure of merit for a video amplifier tube. Recognition 
of the fact that this quantity is the gain-bandwidth product for an 
amplifier which has a two-terminal coupling network has led to the 
development of high-gm low-C, tubes, such as the 6AC7. 

HIGH- FREQUENCY COMPENSATION' 5 

Our study so far has shown that the resistance-coupled amplifier 
affords a poor compromise between high gain and bandwidth, and 
does not exhibit an ideal transient response. We shall now consider 
a number of means for compensating these effects. Our general 
procedure will be to analyze the various compensating circuits on a 

15 S. W. Seeley and C. N. Kimball, "Analysis and Design of Video Amplifiers," 
Parts I and II. RCA Renew, II, 2 (October 1937) and III, 3 (January 1939). 
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steady-state basis and then to observe their effects on the transient 
response of the amplifier. 
The general basis for the several methods of high-frequency com-

pensation to be described is this: In the high-frequency band the 
change in A (w) and the departure from linearity of OW are the result 
of the shunting effect of C. on RI, that is, of the decrease in plate load 
impedance at higher frequencies. To compensate for this effect we 
may insert inductance into the plate load. 16 A number of interstage 
coupling networks which use compensating inductance will be con-

sidered. 

7-8. Shunt Compensation 
The decrease in plate load impedance at high frequencies may be 

compensated for by adding an inductance of proper value in series 
with RI, the plate load resistance. The resulting circuit, which is 
shown in Fig. 7-9a, is known as the shunt-compensated circuit. For 

rp 
R2  

Éen 

(b) 
Fig. 7-9. The shunt-compensated video amplifier. (a) Basic cir-

cuit. (b) Simplified high-frequency-band equivalent circuit. 

É oh 

the analysis which is to follow we may make some simplifications in 
the basic circuit diagram. First, we shall be concerned with the 
response of the amplifier in the high-frequency band; hence C. will 
have negligible reactance and may be omitted from the diagram. 
Second, omission of C. places C. and Ci in parallel; these may be 
lumped into the single capacitance, C., defined by eq. (7-28). Third, 
the values of plate resistance and grid leak resistance, R2, will be 

16 High-frequency compensation may also be obtained by adding inductance 
in the cathode return. See A. B. Bereskin, "Cathode-Compensated Video Am-
plification," Parts I and II. Electiyelirs, 22. 6 (June 191R) snd 22, 7 (July 1948). 
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much larger than that of R1 in typical circuits. The shunting effect 
of r„ and R2 on the R1-L branch of the plate circuit will be negligible 
and r,, and R2 may be omitted from the diagram. Under these 
simplifying conditions the equivalent high-band plate circuit is that 
shown in Fig. 7-9h. 

Reading directly from the diagram we see that in the high-band 

E oh = — gmEiZh (7-72) 

ot Ah = - g„,Zh (7-73) 

where Zh is the complex load impedance in the high-frequency band, 
which may be expressed by 

Zh — 

Zn — 
(1 — co2LC.) 

It is convenient to express Zh in terms of the upper half-power 
frequency, f2, of the amplifier in the absence of the compensating in-
ductance, L. Inspection of the equivalent circuit of Fig. 7-9b and 
eq. (7-35) shows this uncompensated upper half-power frequency 
to be 

Ri (1 
(7-74) 

j(XL - (1 _ + XL\ • RI 
X,.))  

Then, substituting for XL and X,. in terms of co, L, and C,, we get 

RI (1 -I- jw-±) 
RI  

1 
412 = 

C,Ri 

(7-75) 

(7-76) 

It is of further convenience to express L in terms of a design param-
eter, K, and f2. This may be done by defining 

co2L 
K = — (7-77) 

whence = (72 

Substitution of (7-76) and (7-78) into (7-75) yields 

RI [1 jK (L)] 

L K 

- 
[1 - K(] j - 

(7-78) 

(7-79) 
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The complex, high-band amplification then becomes 

g mR1[1 jK )] 
.12  Ah = — (7-80) 

[1 — K (L.,)21 j () 
J 2 J2 

This expression gives Ah in terms of the normalized frequency, f/f2. 
For simplicity we may use the identity 

Y = f J 2 (7-81) 

In common with the resistance-coupled amplifier, the compensated 
amplifier may have its complex amplification expressed on a relative 
basis, the mid-band response being the reference. We shall define 
the mid-band as that range of frequencies for which the reactance of 

Cc is negligible, the reactance of L is negligible in comparison to RI, 
and C, has negligible shunting effect. The student should notice that 
this definition is consistent with the definition given in eq. (7-25). 
Then, from the diagram, 

Am = 

and the relative complex high-band amplification becomes 

Ah  1 ± jKy  
Am — (1 — Ky2) 

It is convenient to reduce this complex amplification ratio into its 
more useful polar form, thus 

(7-82) 

(7-83) 

Ah  11 jKy 1 ± K2y2  HIGH-BAND 
Am — I (1 — Ky2) jy — 111 + (1 — 2K)y2 (7-84) 

where = 

The expression for Oh, the relative phase shift, may also be derived 
in the same manner, but the result which will appear as the difference 
between two angles is very difficult to manipulate. An equivalent 
expression which has a simpler form may be obtained by first ration-
alizing equation (7-83), thus 

Ah (1 ± jKy)[(1 — Ky2) — jy] 1 — jy(1 — K K2y2)  
(7-85) Am — (1 — Ky2)2 ± y2 (1 — Ky2)2 ± y2 
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and Oh = —arc tan y(1 — K K2y2) HIGH-BAND (7-86) 

Equations (7-77), (7-84), and (7-86) are basic in the analysis and 
design of shunt-compensated video amplifiers on a steady-state basis. 
They show that shunt compensation can never give an amplifier 
which has the ideal amplification and phase response. This fact may 
be seen from the following: Consider first the amplification. If AnIAm 
is to remain constant, the right-hand member of eq. (7-84) must be 
independent of y, the normalized frequency. Since a y4 term is 
present in the denominator of the expression but not in the numerator, 
no possible value of K can give the ideal condition. 
A similar argument may be used to show that On cannot vary 

linearly with y. This is demonstrated under Case III which is 
covered later in this section. Since the ideal conditions cannot be 
obtained exactly, the problem in design is to effect the best compro-
mise between constant amplification on the one hand and linear phase 
shift on the other. Two general philosophies may be used for this 
compromise, the first, for the lack of a generally accepted term, we 
shall call simple shunt compensation. The second approach leads to 
the Freeman-Schantz design condition. We consider these in order. 

7-9. Simple Shunt Compensation 

The basis of the simple shunt-compensating design is that the 
upper half-power frequency, f2, is made identical to fe, the top video 
frequency or highest frequency to be amplified. It is apparent, then, 
that all those frequencies lying between 0.1f2 and 12 will suffer both 
phase and frequency distortion. The compensating inductance, L, 
must be chosen to minimize this distortion. Generally speaking, L 
(or its design parameter K) may be chosen to optimize either the 
amplification response or phase response, or to give some compromise 
between the two. Some typical cases are considered in the following 
paragraphs. 
CASE I. Design Condition: The relative amplification at the top 

video frequency shall be 1. 
The required value of K to meet this condition may be determined 

from (7-84). 



§7-91 VIDEO AMPLIFICATION 291 

A 
At f = f2 = fc, y = 1 and = 1. Then 

whence 

1 + K2 
1 + (1 — 2K) ± K2 

K = (7-87) 

Equations (7-84) and (7-86) are plotted for K = in Fig. 7-10. 
The delay characteristic is also plotted because in general it is easier 
to judge constancy of delay than linearity of phase. It will be ob-
served that whereas the response is unity at f = fe, at lower f re-
quencies the amplification response exhibits a hump. If several such 
stages are cascaded, this hump becomes extremely pronounced since 

1.3 

1.2 

Ah 1.0 

Ar, 
0.9 

0.8 

0.7 

06 
01 0.2 03 0.4 06 081.0 

f/f 

K = 0.5(5 STAGES) 

o 

(a) 

016 

0.14 

0.12 

7' -F2 
0.10 

0.08 

0 06 
0.1 02 03 04 06 08 1.0 

f/f2 

Fig. 7-10. The effect of shunt compensation on the steady-state 
response of an amplifier. K = co2L/RI. (a) Gain. (b) Phast• shift. 
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the total response is the product of the individual responses, and 
the amplifier becomes of little use. The response for five cascaded 
stages is shown on the graph. It may also be seen that K = does 
not meet the requirements of linear relative phase response. 
CASE II. Design Condition: The amplification response shall have 

maximum flatness. Here we try to minimize the hump which Case I 
gave. We have already observed that it is impossible to have Ah/ A. 
remain perfectly constant. Subject to certain limitations, however, 
we can approximate this ideal condition. Since we have chosen fc 
to be identical with12, the operating range of the amplifier is limited to 
values of y equal to or less than unity. K is generally a quantity less 

than unity. It follows that for most of the operating range the K2y4 
term in the denominator of (7-84) will make only a small contribution 
to the value of A h/A m. Then, subject to the condition K2y4 is small, 
we may write for (7-84) 

h / 1 ± K2y2  
Am \Ji + (1 - 2K)y2 (7-88) 

This expression will remain constant if the coefficients of y2 in the 
numerator and denominator are equal; hence we write 

K2 = 1 — 2K 

or K = 0.415 (7-89) 

If this value of K is substituted into (7-84) and (7-86) the two 
responses may be calculated. The departure from linearity of the 
relative phase characteristic and departure from constant delay are 
still noticeable; the decrease in Ah/A„, for values of yl near unity is 
effected by the K2y4 term which is no longer negligible as assumed in 
the derivation. The relative importance of this term may be seen if 
the student calculates the curves. 
CASE III. Design Condition: The relative phase characteristic 

shall be linear with frequency. The problem for this condition is to 
determine a value of K such that the slope of the Oh l'S. y curve is 
constant. Thus we differentiate (7-86): 

dOh  1 — K 3K2y2 
dy 1 + [(1 — K)y + K2y3]2 

(1 — K) + 3K2y  
1 ± ( 1 — K)2y2 + 2(1 — K)K2y4 + K4y6 — constant (7-90) 
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Let us factor out the first term of the numerator, thus 

3K2  1 + o 
(10,,  (1 — K) Y  
(--17 =- —(1 — K) 

1 ± (1 — K) y2 + 2(1 — K)K2y4 K 4y6 

= constant (7-91) 

We can see immediately from this equation that dOhldy can never be 
independent of y because the fourth- and sixth-power terms in the 
denominator are not matched by corresponding terms in the numer-
ator. Once again, however, in the range where these two higher 
order terms are negligible the equation reduces to the approximation 

3K2  
2,2 

deh 
1-I-

-dy —(1 — K) [ (1 — K)  1 -I- (1 — K)2y2 — constant (7-92) 

The condition expressed by the last equation may be satisfied if the 
coefficients of y2 in both numerator and denominator are equal. Thus 
we write 

whence 

3K2  _ (1 _ 
1 — K 

K 0.32 (7-94) 

(7-93) 

Inspection of the curves for this value of design parameter which are 
plotted in Figure 7-10 shows that while the Oh and 7' responses are 
excellent, the amplitude response is inferior to that provided by 
Case II. 

It is evident from these three cases that a value of K should be 
chosen which will give a reasonable compromise between the two 
characteristics. One recommended value'7 which gives such a com-
promise is 

K = 0.44 COMPROMISE • VALUE (7-95) 

It is interesting to notice that the value of K for condition III may 
be derived in an alternative manner. If Oh is to vary linearly with 
frequency, we have from (7-49) that Oh at 12 must be 10 times the 
value of Oh at 0.112, that is, 

O. = 10 00.1/2 (n = 0) (7-96) 

17 Cruft Electronics Staff, Electronic Circuits and Tubes. New York: McGraw-
Hill Book Company, Inc., 1947. 
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Then, from (7-86) 

— arc tan ( 1 — K = —10 arc tan [0.1(1 — K 0.01K2)] 
(7-97) 

A transcendental equation of this type may be solved graphically 

by letting 
c = arc tan ( 1 — K K2) 

and d = 10 arc tan [0.1(1 — K 0.01K2)] 
(7-98) 

If these two quantities c and d are plotted against K, the intersection 
of the curves will give the value of K which satisfies (7-97). This 
method yields a value of K close to 0.32.1s 
The results of this section may be summarized: 

Condition 

Relative response = 1 at 
Flattest response 
Most linear phase characteristic 
Optimum compromise 

0.5 
0.415 
0.32 
0.44 

The student should take note that all the designs specified above yield 
the same value of mid-band amplification for a given top video fre-
quency. The reason for this is that in each case12 is set equal to 
by proper choice of RI, thus a fixed fe gives a fixed value of R1 and 
corresponding fixed value of A.. To illustrate how these various 
design equations may be used, let us calculate the circuit constants 
for a typical video stage. A 6AC7 is to be used and the design 
is to give an optimum compromise between flat amplitude and linear 
phase response up to 4.5 me. The output feeds a second 6AC7. 

For the 6AC7 

g„, = 9000 micromho 

C, = 
co = 

11 ,umf 

5 mid 

The estimated stray capacitances are 5 1.q.d. The total shunt capaci-
tance of the plate circuit will consist of the output capacitance of the 
stage plus the input capacitance of the following stage plus the stray 
capacity; therefore 

Cs = 11 + 5 5 = 21 wif 

18 The discrepancy in the results of the two methods is the result of the omis-
sion of the higher order terms in (7-92). 
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By the design condition, 12 must be the top video frequency; then 
from (7-76) 

1  1  
RI = (02c. - 27(4.5 X 106)(2.1 X 10-11) - 1,682 ohms 

The required value of compensating inductance is from (7-77) 

(0.44)(1.682 X 103) 
L - - - 26.2 ,uhenry 

(02 27(4.5 X 106) 

The mid-band gain of the amplifier is 

Am = fjmRi = (9 X 10-3)(1.682 X 10') = 15.2 

Comparison of these results with those obtained for the similar 
problem in section 7-2 shows that compensation ha.s raised the gain of 
the circuit by a factor of 10. The remaining components of the 
coupling network, namely Cc and R2, must be chosen to satisfy the 
low-frequency requirements on the amplifier, a subject discussed 

later in the chapter. 

7-10. Freeman-Schantz Compensation'9 

We have previously stated that the problem of high-frequency 
compensation may be approached in a manner alternative to that just 
described. This alternative manner provides that the amplifier be 

COMPENSATION COMPENSATION 

0.707 

Ah 
Am 

REQUIRED 

0.1 f2 

(a) 
fc 

0.707 

Ah 

Am 

REQUIRED 

0 .1 f2 fc 

(b) 

Fig. 7-11. Comparison of compensation by the simple shunt and 
Freeman-Schantz methods. (a) Simple shunt compensation. The 
amplifier is designed so that its uncompensated upper half-power 
frequency is equal to f„ the highest frequency to be amplified. 
(b) Freeman-Schantz compensation. „f2 is made higher than f„ 
Less compensation is required. 

'9 R. L. Freeman and J. D. Schantz, "Video Amplifier Design." Electronics, 
10, 8 (August 1937). 
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designed so that its uncompensated half-power frequency is greater 
than, rather than equal to, the top video or cutoff frequency. The 
choice of the higher value of f2 of necessity requires a lower value of RI, 
which will give a reduced mid-band amplification. The advantage 
gained is that less compensation is required. This concept is shown 
in Fig. 7-11. These diagrams illustrate the two alternate approaches 
to the shunt compensation of the high-band response. 

Notice that even though the philosophy of design has changed, the 
circuit of the amplifier remains that shown in Fig. 7-9, consequently 
eq. (7-84) and (7-86) may still be used to calculate the response. 
Since 12 and f„ are no longer identical, however, it is convenient to 
define a new design parameter 

M = - (7-99) 

Then once the response has been calculated, the y = f/12 scale may be 
converted to, say, y' = f/f, by dividing y by M. 

1.2 
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XFo 0.9 
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0.6 
0.05 

M 
I. 0.9 0.6 
2. 1.0 0.5 
3. 0.85 0.415 
4. 1.1 0.4 
3. 1.2 0.3 
6. 1.5 0.2 
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2 
3 

Fig. 7-12. Steady-state response of an amplifier employing 
Freeman-Schantz compensation. K M = f2/fc. (a) 
Gain. (h) Phase shift. 

The amplification and phase characteristics for several values of 
M and K are plotted in Fig. 7-12. Of these values, the set 

FREEMAN-SCHANTZ 
M = 0.85 and K = 0.415 (7-100) 

CONDITION 

are recommended by Freeman and Schantz to give a good compromise 
design. 
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7-11. The Vector Diagrams 

Some physical picture of how the compensating inductance affects 
the relative phase characteristic may be had by comparing the vector 
diagrams for the compensated and uncompensated amplifiers. Refer-
ence to Fig. 7-3 shows that the uncompensated amplifier has too large 
a value of relative phase shift at each frequency in the high-band. 
Compensation should decrease the value of Oh at each frequency so 
that the linear characteristic is approached. We now show that L 
does decrease Oh by means of the vector diagrams of Fig. 7-13. To 

(a) 

Fig. 7-13. The effect of shunt compensation on phase shift at .f2, 
the uncompensated upper half-power frequency. (a) Uncompen-
sated. (13) Compensated. 

simplify the drawing of the sketches we have arbitrarily chosen It, 
the current through the plate load resistor RI, to be the reference 
vector and the condition shown is that at 12, the upper half-power 
frequency. In the uncompensated amplifier X, and R1 are equal. 
Since the same voltage appears across the resistor and the condenser, 
II and /2 are equal in magnitude and in phase quadrature. Oh, the 
angle between Ei and —E oh, is 45°. 
The diagram for the compensated case assumes K = 1; hence at 12 

the impedance of the R1 branch is 

ZL,Ri I = N/R12 (KR1)2 = 1.12R1 = 1.12X, (7-101) 

Again the same voltage appears across the two parallel branches so 
that 

121= 1.12 I Ii I (7-102) 
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Note that /2 and Ii are no longer in quadrature. From the diagram 
we see that L reduces the value of Oh as required. 

7-12. Transient Response of the Shunt-compensated Amplifier 

In the previous sections we have derived values for the shunt-
compensating inductance in terms of the design parameter K defined 
by eq. (7-77), the purpose being to optimize the steady-state response 
characteristics. We have also seen, however, that it is the transient, 
rather than the steady-state, response which is important in a tele-
vision video amplifier, and that even though the two are interrelated, 
it is hard to predict the time response from A(w) and cb(w). We shall 
now consider the transient response of the shunt-compensated ampli-
fier directly in order to determine what value of K gives the optimum 
result. 
We have previously demonstrated that the response to the dis-

continuity of a step function is independent of the values of R2 and C. 
in the amplifier; hence the circuit to be analyzed is that shown in 
Fig. 7-9b. If the methods of the Laplace transform or of operat ional 
calculus be applied to this circuit, it may be shown that the output 
voltage response in the vicinity of the discontinuity in the applied 
unit step function is" 

e0(t) = gmRi {1 — et [cos '31 
-V 4K — 11 

2K — 1  \ miii .1 1 

where 
1  

a — 2KRiC 

One might wonder how K, which was originally defined in terms 
of the upper half-power frequency, enters into this time-response 
equation. The answer is that K may also be defined directly in terms 
of the circuit parameters alone, for from eqs. (7-76) and (7-77) 

L w2L 1 L K = = _ 
R1 Cal?' R1 C„Iii2 

Equation (7-103) is plotted for several values of K in Fig. 7-14. 
Inspection of these curves shows that K = 0.35 gives a good com-
promise between small overshoot and short rise time. Goldmann has 

(7-103) 

and e = 4K — 1. 

20 See, for example, S. Goldman, op. cit., p. 361 et seq. 
21 S. Goldman, op. rit., p. 365. 

(7-104) 
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also shown that K = 0.5 gives the best reproduction of fine detail. 
We conclude, then, that for a single-stage video amplifier a value of 
K between 0.35 and 0.5 gives the best results for television use. 
These values check well with those obtained from the steady-state 
analysis. 

r ( very high), 

K. —cR2 

Output 

Curve A 
Curve B 
Curve C 
Curve D 
Curve E 
Curve F 

1 

O IT RC 21Tac 

Fig. 7-14. Transient response of the shunt-compensated ampli-
fier. (From S. Goldman, 7'ransformation Calculus and Electrical 
Transients. New York: Prentice-Hall, Inc., 1949.) 
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Fig. 7-15. Response of multistage amplifiers to a unit step voltage. 
(Courtesy of Proc. IRE.) 
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Where a number of video amplifiers are cascaded more care must be 
exercised in choosing K, for as we have previously seen, the effect of 
any overshoot in the transient response becomes quite pronounced as 
the number of stages in cascade is increased. This effect is illustrated 
by the curves in Fig. 7-15 which were calculated by Bedford and 
Fredenda11.2" These curves show that a K of 0.5 is quite unsatis-
factory from the viewpoint of overshoot and ring, and that a value 
between 0.384 and 0.438 gives a better compromise transient re-
sponse. Palmer and Mautner24 have calculated curves of rise time 
and overshoot for a single shunt-compensated stage and recommend 
K = 0.388, which gives a 2 per cent overshoot per stage, as the 

optimum value. 
A word of caution in interpreting the curves of Fig. 7-14 for the 

Freeman-Schantz design condition should be mentioned. Since their 
design is based on the cutoff frequency, fc, rather than on 12, the half 
power frequency, the abscissas should be interpreted in terms of fe. 
A practical consideration arises when the foregoing results are 

applied in practice. In all of our analytical work on shunt com-
pensation we have assumed L to be a pure inductance, the shunt 
capacitance across the coil having been neglected. This assumption 
cannot be realized physically and where a bandwidth of one or more 
megacycles is used, the shunt capacitance upsets the design assump-
tions to a considerable extent. It is often the practice to provide the 
compensating inductance with a movable core in order that the 
inductance may be adjusted to the correct value experimentally. 
Alternatively, the compensating network may be analyzed to take 
shunt capacitance across the inductance into account, a procedure 
which ksults in the so-called m-derived shunt-peaking network. It 
is demonstrated in the literaturen that proper design of this network 
gives an increase in gain of 1.6 to 1.8 times that obtained with the 
shunt-peaking network. The shunt capacitance required across L, 

" A. V. Bedford and G. L. Fredendall, "Transient Response of Multistage 
Video Amplifiers." Proc. IRE, 27, 4 (April 1939). The reader should note that 
the design parameter K used by the authors is not the same as that defined by 
eq. (7-77). If K' be the value defined by Bedford and Fredendall, the relation-
ship is K = 1/(K12. 

23 The calculation of these curves by the method of the Laplace transform is 
illustrated in G. E. Valley, Jr., and H. Wallman, op. cit., chap. 1. 
" R. C. Palmer and L. Mautner, op. cit. 
25 See, for example, S. Moskowitz and J. 'tacker, op. cit. 
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however, is greater than the stray value alone so that an additional 
circuit element is required to realize this increase in gain. 

7-13. Series Compensation 

In the shunt-compensated circuits which have been described the 
equivalent high-band coupling system between the plate of the stage 
under consideration and the grid of the following stage is a two-
terminal network. This fact may be verified by reference to the 
equivalent circuit diagram of Fig. 7-9b where the reactance of the 
coupling condenser, C., has been assumed to be negligible. The use 
of a four-terminal coupling network will give a higher mid-band gain 
and a more linear phase characteristic than does the simpler two-
terminal configuration. The price which must be paid for these 
advantages is the increased difficulty in proper adjustment of the 
compensating elements and a poorer transient response. 
A number of forms of four-terminal compensating networks may be 

used. One of these, which is shown in Fig. 7-16a, results in what is 

É-1 

(a) 

000r 
l c° r  
(b) 

Fig. 7-16. Series compensation utilizes a four-terminal coupling 
network. (a) Series-compensated amplifier. (b) Equivalent high-
frequency-band circuit. 

known as series peaking or compensation because the compensating 
inductance is a series rather than a shunt element in the coupling 
network. Subject to the same simplifying assumptions which were 
used in the shunt-compensated circuit, the equivalent high-band 
circuit is that of Fig. 7-16b. These assumptions are that r, and R2 
are large enough to have negligible shunting effect on the network, 
and that the high-band reactance of C. is negligible. Inspection of 
the circuit shows why series compensation provides a higher mid-
band gain than does the previous circuit. In the shunt case C. and 
Ci are in parallel and combine into C.. Then for a given half-power 
frequency R1 and hence A. are determined by the sum of C. and C. 
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In the present case, on the other hand, the series inductance effec-
tively separates C. from Ci, and only the former shunts RI. Ob-
viously, then, for the sameh, R1 will be larger, being determined by C. 
alone rather than C. + C. The larger value of RI, in turn, gives a 
higher mid-band gain. Direct application of Kirchhoff's laws to the 
circuit yields the result that the high-band amplification normalized 
with respect to the mid-band amplification is 

A  1  
— ( 1 — w2LC,) j[coRl(Ci ± C.) — w2LC. — co2LC.coCiRd 

(7-105) 

Seeley and Kimball have recommended the following design values to 
give an optimum compromise between the steady-state amplitude and 

phase characteristics. Let fe be the top video or cutoff frequency. 

1  
Then L — 10,2C. (7-106) 

1.5 
RI — and (7-107) 

coe(Ci ± C.) 

Subject to these two design conditions, the several terms of 
eq. (7-105) may be reduced to some power of a normalized frequency. 
The resulting expressions for relative gain and phase are simplified 
considerably by this procedure. We also define a parameter m, 

the ratio of Ci to C., 

SERIES COMPENSATION 

C 
in = —„ 

o 
(7-108) 

It is convenient to normalize the frequency with respect to fe, the 

upper cutoff frequency; thus 

y = - = — 
f, 

(7-109) 

Then, from (7-107) coRi(Ci ± C0) = 1.5 = 1.5y * (7-110) 

Similarly, from (7-106) (AUX. = '2‘0« , = (7-111) 

C, 1.5m  
and wC,R, = [wRI(Ci C.)] ci co— 1 + my (7-112) 
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Combining the last two equations we get 

1.5  m  
w2LCocuCiR1 — 2 1 ± m (7-113) 

It also follows directly from the definition of m and (7-111) that 

weLCi = n21Y2 * (7-114) 

The three quantities marked with asterisks may be identified with 
their counterparts in eq. (7-105). Making the necessary substitu-
tions and reducing the result to polar form, we finally have 

A h 1 

Am in 
1+ (2.25— m)y2+ (1— 2.25 1+ m >4+0.5625 ( 

and 

[ 1.5y — 0.75 ( m ) y3 
1 ± ID  

Oh -= —arc tan 
ni 

1 — — y2 
2 

2 

1±M) Y6 
(7-115) 

(7-116) 

It has been shown that best operation of the circuit on a steady-
state basis is obtained when m > 2 and the Q of the inductance coil 
is equal to or exceeds 20. 

In reference to the last statement it is of interest to note that in 
typical tubes used for video work m is greater than 2, i.e., the input 

capacitance exceeds the output capacitance by a factor of 2 or more. 
To verify this refer to the 6AC7 constants given in the example in 
section 7-9. Some small degree of flexibility is afforded in adjusting 
the Ci to C. ratio in the placement of Cc, the coupling condenser in 
Figure 7-16a. This comes about by virtue of the shunt capacitance 
between the outer foil of the condenser and ground. If Cc is placed 
on the grid side of L this capacitance contributes to Ci, conversely it 
adds to Co if placed on the plate side of the compensating inductance. 
Because of low-frequency-band considerations C, will be in the order 

of a microfarad, and the shunt capacitance to ground may range up to 
2 micromicrofarads, the exact value being dependent upon the place-

ment of Ce relative to the chassis and other grounded components. 
In certain rare instances Co may be much greater than Ci. In such 
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a case it is inadvisable to increase Ci by adding shunt capacitance 
because this procedure must inevitably result in a lower mid-band 
gain for a given bandwidth, as may be seen from (7-107). A better 
approach is to take advantage of the principle of reciprocity by inter-
changing the positions of R2, the relatively high grid leak resistance, 
and RI, the relatively low plate load resistance. It should be noted, 
however, that the resulting increase in voltage drop across the new 
plate resistance, R2, will lower the d-c plate voltage of the tube, which 
in turn will lower the mutual conductance. Let us now examine these 
steady-state results in terms of transient response. We shall assume 
a value of ni = Ci1C. = 2 and introduce a parameter 

k — 
C. R 12 

It may be shown from eqs. (7-106) and (7-107) that the recommended 
values of L and R1 give a k = 2. If the transient response of the 
series-compensated amplifier is plotted for this value as shown in 
Fig. 7-17, it is observed that an overshoot of approximately 10 per 

L4 

20 

Y 1 F 
00641672  

0.1021344 

oo e 3 4 

Fig. 7-17. Transient response of a series-compensated amplifier. 
Notice that k = L4 gives a 6 per cent undershoot at t •-= 2.8R(. 
(Courtesy of ¡-'roc. IRE.) 

(7-117) 

cent is obtained. Thus from our previous work we see that the 
recommended values are not satisfactory where a number of stages 
are to be cascaded. Some improvement in the response may be 
obtained by lowering the value of k to 1.4, as shown in the figure. It 
should be noticed, however, that an undershoot of 6.4 per cent occurs 

in the ring which, in turn, will give poor results in a cascaded ampli-
fier. We must conclude therefore that in spite of the superior steady-
state response of the series-compensated amplifier, when several 
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stages are to be connected in cascade, shunt compensation with 
K = 0.388 gives superior performance. 

7-14. Series-shunt Compensation 
A second form of four-terminal interstage coupling network may be 

had by combining the two types of compensating circuits which have 
been described. The advantage of using both the series- and shunt-
compensating inductors (Fig. 7-18a) is that both series and shunt 
compensation occur simultaneously. L2 acts to separate C, and Co, 

RELATIVE 
RESPONSE 
I 2 

O 

06 
O 
O 

(b) 
Fig. 7-18. Series-shunt compensation. (a) Basic circuit. 

(b) Transient response. (Courtesy of Proc. IRE.) 

'r • 0.907 
Y • 00i8 
F • 1065 

Ce 

C•Ci*C2 

t/RC 

and L1 tends to counteract the shunting effect of C. on RI. The net 
result is that for a given bandwidth a larger value of R1 may be used 
with a corresponding increase in the mid-band gain. Seeley and 
Kimball have recommended the following design values: 

(a) m = —ci = 2 
C. 

(h) 

(e) 

(d) 

1.8  
R1 - 

coc(Ci ± C0) 

L1 = 0.12(C1+ 

L2 = 0.52(C + Co)R12 

SERIES-SHUNT 
COMPENSATION 

(7-118) 

where cor is 27r (top video frequency). 

The transient response for these values is shown in Fig. 7-18b. 
It will be observed that the results obtained are excellent. Let us 
now illustrate the use of these design equations by designing a typical 
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series-shunt-compensated amplifier. In order to show how com-
pensation improves the performance of an amplifier, we shall design 
to meet the 10 to 90 per cent rise time of the resistance-coupled 
amplifier discussed in section 7-5. Thus 

g. = 9000 gmho 

= 0.22 gsec 

C, = 20 yi.tf 

We shall further assume that C, is divided between Ci and C. to give 
an ni of 2. Thus 

Ci -- 13.3 ¡id 

C. = 6.7 pa 

Then, from Fig. 7-18b, the rise time is approximately 

r, = 1.65RIC. 

or 
Tr 2.2 X 10-7  

= 1.65C, 1.65(2 X 10-") — 1.333 X 104 = 13.33 kilohms 

= 0.12C,R? = 0.12(2 X 10-")(1.333)2(10)8 = 0.426 mh 

L2 = 0.52C.Ri2 = 0.52(2 X 10-")(1.333)2(10)8 = 1.85 mh 

and 

Am = gmR1 = (9 X 10-')(1.333 X 10') = 120 

It is interesting to notice from this example that the compensating 
elements give a mid-band gain of 2.7 times that obtained with the 
uncompensated amplifier without any appreciable change in the tran-
sient response. It is of further interest to note that if the two ampli-
fiers were designed for the same bandwidth or cutoff frequency, the 
increase in gain resulting from compensation would be a factor of 
only 1.8. This fact may be verified by the use of eq. (7-118b). 
The student should notice that the four-terminal compensating 

networks which have been described have the general form of low-
pass filters. By the addition of other elements these basic forms may 
be converted to m-derived and dead-end filters. In general, the more 
compensating elements used, the better will be the response and the 
higher will be the midband gain. It is beyond the scope of this text 
to analyze these more complicated circuits but they are described in 
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the literature." Needless to say the adjustment of the several com-
pensating elements in the filter networks is more difficult than for the 
simpler circuits which we have considered. Where a number of video 
stages are in cascade, a considerable increase in gain per stage may be 
had by "stagger peaking" the several stages. Easton has proposed 
such a design for determining the peaking of each of the compensating 
circuits which gives twice the mid-band gain afforded by simple shunt 
compensation. 

7-15. Summary of High-frequency Compensation 

Our results in this chapter show that the transient behavior of an 
amplifier is not readily expressed in terms of its amplitude and phase 
characteristics; hence we shall summarize our work on the basis of 
the transient response of the several compensating networks. Com-
parisons of these networks on a steady-state basis are available in the 
literature." The uncompensated resistance-coupled amplifier ex-
hibits a long rise time, zero overshoot, and a low value of gain. 
Shunt, series, and series-shunt compensation provide means of coun-
teracting the effect of shunt capacitance and so allow a larger value 
of R1 to be used with a corresponding increase in gain. In each case, 
the design parameters must be chosen to minimize rise time and over-
shoot, the latter factor being of great importance when several stages 
are connected in cascade. 

7-16. Square-wave Testing 

We have stressed the importance of the transient response of a 
video amplifier in television applications and have discussed analyti-
cal means of calculating this response to an applied voltage of step-
function form. It is highly desirable, therefore, to discover some 
means of determining whether the proper amount of compensation 
has been applied to an amplifier. Since the response consists of an 
output voltage as a function of time, the cathode-ray oscilloscope 
suggests itself as an ideal piece of test equipment, the general layout 

28 A summary of design equations for several compensating circuits is given 
in D. E. Foster and J. A. Rankin, "Video Output Systems." RCA Review, V, 4 
(April 1941). 

27 A. Easton, "Stagger-Peaked Video Amplifiers." Electronics, 22, 2 (February 
1949). 

28 See, for example, S. W. Seeley and C. N. Kimball, op. cit., and D. E. Foster 
and J. A. Rankin, op. cit. 
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of the test unit consisting of the step-function generator feeding the 
amplifier under test, the output being viewed directly on the oscillo-
scope. 

It is immediately apparent that such a test setup would be difficult 
to use because a step function, being a nonrepetitive wave, would 
produce only a single trace of the output wave form on the oscillo-
scope screen, which would be difficult to observe. For the testing 
technique, then, we desire to replace the step-function signal by a 
repetitive signal which retains the essential properties of the step as 
a test voltage. Such a substitute voltage is the square wave. 

The substitution of a square wave 
for step function for determining the 

e (a) transient response of a network may 
be justified on the following grounds: 

 O  We have seen that the transient re-
sponse may be conveniently divided 

J ---1  (b) into two separate regions, one at the 
discontinuity and the other one 
after the discontinuity when the 

(c, step function remains at a constant 1    J d-c value. If, then, we confine our 
72 T attention to the response at the dis-
I 

continuity, we only require a signal 

r(d) which presents the discontinuity, 
that is, which duplicates the leading 

Fig. 7-19. If step function is re- edge of the step function, over and 
placed by a square wave of proper over again at fixed intervals. A 
half-period, the response at the dis-
continuity remains unaffected. (a) square wave does precisely this. 
Step function. (b) Response to We only need be careful in choosing 
step function. (c) Square wave of the period of the square wave to be 
proper half-period. (d) Square-
wave response. sufficiently long so that the response 

to the discontinuity is essentially 
completed before a new cycle is applied. This concept is illustrated 
in Fig. 7-19. The response to the discontinuity in the applied step 
function is completed in the time interval g; hence if the step func-
tion is replaced by a square wave of half-period T/2 -- g, the re-
sponse to the leading edge remains unaffected. 

In general the interval is is not known until the test has been 
made; hence some independent means for determining the frequency 
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of the square-wave signal is needed. Si>nce the steady-state response 
of the amplifier may be measured or calculated quite readily, it is 
convenient to use this information to determine the proper square-
wave frequency. On this basis Bedford and Fredendall 29 have rec-
ommended that the square-wave frequency be chosen as that fre-
quency at which the steady-state characteristics begin to vary with 
frequency. 

In our analysis of the uncompensated amplifier at the beginning 
of the chapter we found that the transition between the mid- and 
high-frequency band occurs at approximately one-tenth of the up-
per half-power frequency. Thus a rule-of-thumb approximation to 
Bedford and Fredendall's criterion is to choose the square-wave fre-
quency to be about one-tenth of the amplifier cutoff frequency. The 
final value may be determined during the test procedure by adjusting 

the frequency so that the discontinuity response is completed, as 
shown in Fig. 7-19d. 
A typical test setup for experimentally determining the square-

wave response of an amplifier is shown in Fig. 7-20a. The 20-mc 

SQUARE WAVE 
GENERATOR 

DOT 
GENERATOR 
(20 MC) 

,peommm TEST 

AMPLIFIER 

CRO 

SYNC '-' 

(a) (b) 
Fig. 7-20. Square wave testing. (a) Test setup for determining 

the square-wave response of an amplifier. (h) Appearance of the 
oscilloscope pattern for a typical shunt-compensated amplifier. 

dot generator serves to provide a convenient time scale on the oscillo-
scope screen so that rise time and other pertinent intervals in the 
response curve may be determined. The operation of the unit is 
this: The intensity control of the oscilloscope is adjusted so that no 
trace is visible on the screen. The output of the dot generator, 
which consists of very narrow pulses which occur at a 20-mc repeti-

29 A. V. Bedford and G. L. Fredendall, "Transient Response of Multistage 
Video-Frequency Amplifiers." Proc. IRE, 27, 4 (April 1939). 
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tion rate, is fed to the z axis terminal (control grid) of the oscilloscope 
and serves to unblank the trace at 310-mc = 0.05-µsec intervals. 
The appearance of the oscilloscope trace under these conditions is 
shown in Fig. 7-20b. Since the bright dots occur at known intervals, 
rise time, delay time, and the like may be read off the screen directly. 
We see, then, that the square wave of proper frequency may be 

used to an excellent advantage in determining the response of an 
amplifier to the discontinuity in an applied step voltage. Later in 
the chapter we shall extend the method of square-wave testing 
to include the response to the d-c portion of a step voltage. The 
usefulness of the square-wave technique as a testing tool cannot be 
overemphasi zed. 

7-17. Calculation of Square-wave Response 

In the last section we saw that the transient response in the vicin-
ity of a discontinuity in an applied step function may be determined 
experimentally by the use of an applied square wave. It would seem 
that this concept could be extended to include an analytical means 
of determining transient response, the advantage being that the 
square wave is subject to analysis by the more familiar Fourier series 
rather than by the Fourier integral. We shall merely outline the 
method which is covered at length in the literature.3"' 

Let a square wave of fundamental frequency w be applied to the 
input terminals of the network under consideration. By Fourier's 
analysis the square wave may be reduced to the summation of an 

infinite number of harmonically related sinusoidal components, thus 
if the square wave of unit amplitude be expanded as an odd function 
of time we have 

1 2 1 
e1(t) = —2 ± ( 7 sin cot + 3-1 sin 3w1 ± • • • ± - sin mat (7-119) 

where n is an odd integer. Since e(t) consists of a number of discrete, 
sinusoidal components, we may calculate the output voltage result-

3° A. V. Bedford and G. L. Fredendall, "Analysis, Synthesis, and Evaluation 
of the Transient Response of Television Apparatus." Proc. IRE, 30, 10 (Oc-
tober 1942). 
" Philip M. Seal, "Square-Wave Analysis of Compensated Amplifiers." Proc. 

IRE, 37, 1 (January 1949); also "Correction on 'Square-Wave Analysis of Com-
pensated Amplifiers,' " 37, 4 (April 1949). 
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ing from each component, using the steady-state response of the net-
work at the frequency of that component, i.e., 

e0(t)k,,, = -2 A (Icco) sin [kwt (kw)] (7-120) 
7 

Then by the superposition theorem the total output voltage caused 
by the applied square wave will be the sum of the output voltages 
due to each component, or 

e0(t) = —A° -2 {A (co) sin [cot ± 4,(w)] ± —A (3w) sin [3wt ct,(3w)] 
2 7 3 

-I A (nw) sin [mot + cP(nco)]} (7-121) 

Notice that we now have an expression which involves no integration, 
and the analytical expressions of A (w) and OW are not required; we 
only need their values at certain discrete frequencies which are odd 
multiples of the fundamental frequency of the square wave. 
By way of illustrating how the Fourier series method is applied, 

let us set up the equations for the response of the "ideal" amplifier, 
whose characteristics are given in Fig. 7-8a, to a square wave of fre-
quency w. 
Now in the pass band 

and 

A (co) = A 

cl)(co) = cor 
(7-122) 

Substitution of these values into eq. (7-121) shows that the expres-
sion for the output voltage is 

e0(t) = - — sin (cot - cord) ± 3- sin (3wt - 3wra) 
2 7r 

± • • • -1  I- - sin (not - nerd)} 

A 2A 1 
= sin w(t - rd) ± -3 sin 3c o (t - d) 

± • • • + 1 n- sin nw(t - rd)} (7-123) 

For specific values of w and rd eq. (7-123) may be evaluated directly. 
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Alternatively we may calculate the response for any co and rd by 
normalizing the time-frequency variable. Thus let 

X = CO(1 — rd) 

then 

A 2A 1 1 
eo(t) = —2 + sin x ± 3- sin 3x • • • -I- - sin nx 

(7-124) 

which may be evaluated for different values of x. Notice that t = 
corresponds to a value of x = —cord; the response on a normalized 
basis must include negative values of x. 

If the student evaluates either of the last two equations, he will 
observe that a considerable amount of slide rule work is involved, 
particularly since at least 10 terms of the series, that is, up to n = 19, 
must be evaluated in order for a good approximation to the actual 
response to be obtained." For a smaller number of harmonics, the 
use of a finite number of terms rather than the whole infinite summa-
tion of the Fourier series contributes falsely to the overshoot and 
ring in the calculated response. The amount of work may be reduced 
appreciably by resorting to graphical charts used to evaluate the 
various sinusoidal components. Charts of this type have been pub-
lished by Bedford and Fredenda11.33 The square-wave technique of 
analysis also affords a means of attacking the inverse problem of de-
riving the steady-state characteristics of a network when its transient 
response is known. This method which has been developed into a 
usable form by Bedford and Fredendall will now be outlined. 
By direct application of Fourier's theorem we know that the func-

tion eo(t), given in Fig. 7-20b, may be expanded into an infinite series 
of harmonically related terms." Since the function exhibits neither 
odd nor even symmetry, the full sine and cosine form of the series 
must be used, thus 

32 For a discussion of this manifestation of the Gibb's phenomenon see E. A. 
Guillemin, The Mathematics of Circuit Analysis. New York: John Wiley and 
Sons, Inc., 1949, chap. 7. 

33 A. V. Bedford and G. L. Fredendall, "Analysis, Synthesis, and Evaluation 
of the Transient Response of Television Apparatus," op. cit. This paper also 
considers the inverse problem of constructing the steady-state characteristics 
from a given square-wave response. 

33 Remember that the square-wave response repeats itself in time. The action 
of the oscilloscope sweep circuit causes consecutive cycles to overlap, so that the 
response appears to be nonrepetitive. 
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e0(t) = c. Si sin cut + C1 cos cut 82 sin 2cot ± C2 cos lot -I- • • • 
2 

where 

and 

S. sin nwt ± C. cos nwt (7-125) 

1 
Cn = Mt) cos mot dt 

Jo 

= e0(t) sin nod dt 
.10 

(7-126) 

Each integral of (7-126) is clearly the area under the curve which is 
the product of e,,(t) and sin nwt or cos nwt, as the case may be; hence 
each of the coefficients in the series (7-125) may be evaluated graphi-

cally, if by no other means. Each pair of terms corresponding to a 
given value of n may be combined into a single term of amplitude 
En and of phase On. 

= N/S„2 -I- C.2 

S. 
cfr„ = arc tan  

and the series reduces to 

(7-127) 

E. 
e.(t) = Ei sin (cot ± <in) E2 sin (2cot 02) 

-I- • • • En sin (nwt ± cp.) (7-128) 

This is the term-by-term expression of the output voltage correspond-
ing to the input voltage given by eq. (7-119) and hence must be 
equal to the expression (7-121). Then the termwise comparison 
of (7-121) and (7-128) shows that 

2 A (ile) si —r n n [mot cp(nco)] = En sin (mot -I- ct..) (7-129) 

whence 

and 

A(nw) = If En 

(1)(nco) = 

(7-130) 

Thus the steady-state responses may be evaluated at odd multiples 
of the fundamental frequency of the applied square wave. 

It will be realized that in evaluating these equations an enormous 
amount of labor is involved, and the method described is not in corn-
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mon use. An alternative method which employs graphical aids has 
been developed by Bedford and Fredenda11.35 
The difficulty in deriving the steady-state characteristics from the 

square-wave response must not be allowed to obscure the desirability 
of the square-wave testing technique; in itself it is a powerful tool for 
checking the response of video amplifiers experimentally. 

LOW- FREQUENCY COMPENSATION 

Our attention for several sections has been directed to the high-
frequency response of a video amplifier and to its transient response 
in the vicinity of a discontinuity. We must now consider the second 
problem, that of compensation at the low-frequency end of the video 
spectrum. This will lead to a discussion of the transient response of 
the amplifier to the constant d-c portion of an applied step function. 
We have already noted for the uncompensated amplifier that these 
two problems are related. Consider first the steady-state low-fre-
quency response. 
We have derived the equations for the amplitude and phase 

response of the resistance-coupled amplifier in the low-band of frequen-
cies. These results, given by eq. (7-46) and (7-47), may be simpli-
fied in the broad-band video amplifier case because of the relative 

magnitudes of certain of the cir-
cc cuit parameters. For example, 

we have seen that high-band 1 con-
E0 r» R, siderations require that R1 be 

small, in the order of 1000 ohms; 
hence, R1 is small compared to r, 
and R2. Furthermore, in the 

frequency circuit of a video amplifier, low-band the reactance of Cc be-
comes important and the shunt-

ing effect of C, is negligible. These facts, combined with Fig. 7-2c, 
give the simplified low-frequency equivalent circuit for the video 
amplifier which is shown in Fig. 7-21. The expression for the output 
voltage subject to the conditions listed above may be derived by 
reducing RL of (7-41) to its value here, namely R2. It is more desir-
able from the point of view of compensation, however, to derive 
expressions for gain and phase on a slightly different basis. 

Fig. 7-21. Simplified equivalent low-

36 Op. cit. 
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7-1 8. Coupling-network Effect 

Under the conditions listed in the last paragraph R2 > > RI. Re-
gardless of frequency, then, the impedance of R2 and Cc will have 
negligible shunting effect on RI and we may consider E. as a fraction, 
determined by the voltage divider Ccf12, of a constant voltage E„, 
given by 

E„ = — g„,E1R1 (7-131) 

In the low-band, we have for the output voltage 

— E„ R2 . — E, 1 (7-132) 

R2 — 1 
Wee cria 

We may relate E.1 to the corresponding output voltage in the mid-
band by noting that as the frequency of the applied voltage is raised, 
the reactance of C, approaches zero, that is, the reactive term in the 
denominator of (7-132) drops out and we have 

Eom = E„ = (7-133) 

This result, of course, checks with the value of mid-band output 
voltage obtained in the analysis of the high-band response. It is 
convenient to combine the equations given above so that 

where 

Eol = Eom« 

1 
cr — 

1 
wi,c/t2 

It is at once apparent that at a frequency fi, defined by 

(7-134) 

(7-135) 

coiC,R2 = 1 (7-136) 

the magnitude of the low-band output voltage is 0.707 times its mid-
band value, and fi is the lower half-power frequency, which was pre-
viously defined for the resistance-coupled amplifier. The variation 
of magnitude and phase of E., in the low-band will be identical with 
that plotted for Ai/ A„, and Oi in Fig. 7-3. 
Notice that the factor « is similar in form to the corresponding 

factor which controls the response in the high-band, thus several of 
the high-band concepts may be carried over to the present case. For 
example, on a steady-state basis we immediately see that fl should be 
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made sufficiently low so that all t he video frequencies to be amplified 
are passed with only a small amount of distortion. fl is lowered by 
raising the R2C, product. In practical amplifiers this product may 
not be raised without limit because of two primary factors: ( 1) In 
any vacuum tube the value of R2, the grid leak resistor, is limited by 
the flow of grid current. For most receiving tubes the manufacturers 
specify an upper limit in the vicinity of 500 kilohms. (2) As the 
capacitance of C. is raised, the physical size of the condenser and its 
shunt capacitance to ground increase. We have already seen that 
this latter capacity to ground adds to C. which is the controlling fac-
tor in the high-band response of the amplifier. Furthermore, as C. 
increases in size, it will generally have a larger leakage current. Typ-
ical values of components are C, = 0.25 pf and R2 = 500 kilohms, 
which give a lower half-power frequency of approximately 1.25 cycles 
per second. On a steady-state basis the response to, say, a 60-cycle 
video frequency seems excellent; we shall see later that on a transient 
basis an even lower value of fi should be used; some form of compen-
sation is desirable. 

7-19. Cathode and Screen Degenerative Effects 

If the reader refers to the various circuit diagrams of video ampli-
fiers in this chapter, he will notice in each case that the cathode of 

the amplifier tube is returned 
directly to ground, the tacit as-
sumption being made that fixed 
bias rather than self-bias is used. 
As a practical matter, it is more 

Ebb desirable to develop bias across a 
shunt combination of a resistor 
Ri  and a condenser Cx, located 

Fig. 7-22. Self-bias is developed by between cathode and ground as 
shown in Fig. 7-22. The d-c 

component of total plate current, Iba, produces a d-e voltage drop 
across RK of proper polarity to make the grid negative relative to the 
cathode. The magnitude of this bias voltage is adjusted by proper 
selection of RK. The function of the shunt condenser CK is to make 
the impedance of the combination negligible to the a-c component of 
plate current, /,,. Use of this self-bias network eliminates the need 
for separate bias batteries or multiple bias taps on the power supply 

Ibelp 

Is,, flowing through RIC. 
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bleeder and affords an additional advantage in that it permits a larger 
value of R2 to be used as compared to the allowable value when fixed 
bias is utilized. e This reflects on circuit operation by providing a 
lower value of uncompensated half-power frequency, 
The use of the self-biasing network is not without disadvantages, 

for at the lower frequencies where the reactance of CK increases, ZK is 
no longer negligible. When this is true, the a-c voltage drop /„Zic 
becomes significant and acts to oppose the applied voltage E. A 
condition of degeneration is present and the bias network serves to 
decrease the output voltage below its calculated value. Termann 
has shown that the degenerative effect of the bias network may be 
represented by a factor y 

1 + jcoCKRK  
— (1 ± gmliK) jcoCKRK 

where the screen grid of the amplifier tube is adequately by-passed, 
a condition which is met quite readily in practice. The y factor may 
be multiplied into (7-134) to give the low-band output voltage with 
the effects of both bias network degeneration and the coupling net-
work CcR2 taken into account. 

Ea = Eomay (7-138) 

If the ce and y factors are expressed in polar form it will be observed 
that both affect Ea in the same direction, that is, as the signal fre-
quency decreases, both act to lower Ea and increase the positive or 
leading relative phase angle, 01. To compensate for these effects we 

need a network which introduces a lag and raises the output level as 
the frequency is lowered. We next try to find a network which 
exhibits these properties. 

(7-137) 

7-20. Co'mpensation Network 
In the construction of electronic equipment where several tubes 

are operated from a common power supply, it is the usual practice to 
isolate the several stages from feedback effects by the use of decou-
pling networks. The common form of this network is shown in Fig. 
7-23 where R3 ard C3 are the isolating elements. It is of interest to 

33 S. W. Seeley and C. N. Kimball, op. cit. 
37 Frederick È. Terman, Radio Engineers' Handbook. New York: McGraw-Hill 

Book Company, Inc., 1943. 



320 CLOSED TELEVISION SYSTEMS 

Fig. 7-23. 

(b) 
(a) Basic circuit. 

(a) 
Low-frequency compensation. 

(6) Equivalent circuit. 

gm E1 

[17-20 

note that this decoupling combination has the very type of frequency 
response required for low-band compensation. 
To show this we may consider that the C,R2 branch has negligible 

shunting effect on the circuit comprising RI, R3, and C3, which we 
shall term the plate load. In the mid-band, C3 has negligible re-
actance and effectively shorts out R3; hence the mid-band plate load 
is simply RI. At lower frequencies, however, the reactance of C3 is 
no longer small enough to short out R3 and the plate load becomes 

ZL = RI ± R3  
1 ± jwC3R3 (7-139) 

whose magnitude, of course, will increase as co is lowered. Thus the 
plate decoupling network tends to compensate in magnitude for the 
loss in output voltage resulting from cathode degeneration and 
the network C„R2. 

Inspection of (7-139) also shows that the CaR3 network introduces 
a lag in phase angle which may be used to compensate the lead intro-
duced by the a and y factors. This fact may also be demonstrated 
with the aid of the vector diagrams shown in Fig. 7-24. At a we 
have the uncompensated case, and —E„ is in phase with the reference 
vector g„,Ei. In the compensated case illustrated at b, the reactive 
component of the C3R3 combination introduces a component of volt-
age normal to g„,Ei and lagging. —E, also lags g,„Ei. We see, then, 
that the compensating network has a lagging angle labeled ea in the 
diagram. As the frequency is lowered, the reactive component of 
ZL increases and 06 increases in magnitude. 
We have shown that at least the C3R3 network operates in the right 
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grn EL 

É p 

É;; 

grn E I 

-Ep= gm EL RI 

(R, + R3) 

1É i 
P =  w C3 R3 Be I + (Ci, C3 R3f 

Iiii grnÉL 
2 gm i ji+(a)C3 R3)2t  I 

( b) -4 

Fig. 7-24. Vector diagrams showing the effect of low-frequency 
compensation on phase shift. (a) Uncompensated case. (h) Corn-
sated case. 

direction to provide low-band compensation; we must now determine 
what specific values of C3 and R3 are required. To do this we must 
evaluate the factor & by which the compensating network modifies 
the output voltage. Under the assumption of the constant current 
form of equivalent plate circuit, which is quite valid for voltage am-
plifier pentodes, the plate current remains unchanged regardless of 
the presence of C3 and R3 in the circuit. Then for the circuit of Fig. 
7-23 we may write 

R3 

RI  
E,' = —gmEiR1(1 ± 1 ± jwC3R) 

E(1 jwC3R3] 

1 ± jwC3R3 

= E0.6 

(7-140) 

(7-141) 

(7-142) 

We may now show how the circuit should be designed to compen-
sate for either the a factor caused by the coupling network, or the 
y factor which is introduced by the cathode bias system. The sev-
eral equations given above may be combined to give the low-band 
output voltage of a low-band-compensated amplifier which uses 
self-bias. 
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E,,1 = E„„eya (7-143) 

E.1 = Eo„,   r  1+ jwC KR K  
41— (i + ml 1K) + it0C KR K 

1 — eR2 

[(1 + jwC3R1 

1 + jwC3R3 

(7-144) 

7-21. Bias Circuit Compensation 

The y and factors in eq. (7-144) are reciprocal in form and 

may be canceled out completely if 

and 

R3 
1 = 1 g ix 

coC3R3 = coCKRK 

(7-145) 

(7-146) 

Thus the compensating circuit can give perfect compensation of the 
degenerative effect of the self-bias network. The required design 
equations for C3 and R3 may be obtained from the last two equations 

and 

R3 = gmRiRx 

C3 = 
CK 

graRI 

BIAS CIRCUIT 
COMPENSATION _ (7-147) 

It must be stressed that the values of C3 and R3 specified by eq. 
(7-147) can only compensate for the self-bias network; the output 
voltage will still vary in accordance with the a factor. The condition 
is ameliorated for, as we have seen, self-biasing permits the use of 
higher values of R2, a determining factor in the variation of a with 
frequency. 
With the effect of cathode degeneration compensated the low-band 

response is determined solely by the coupling network, and dividing 
both sides of eq. (7-144) by E, we have 

A 1  1  
A — 

"` 1 — 
coCcR2 

and if fl be defined as in eq. (7-136) we have 

(7-148) 
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A1 1 
Am ..\11 fiy 

) 

and 0/ = arc tan f 
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LOW-BAND RESPONSE, 
BIAS-CIRCUIT (7-149) 
COMPENSATION 

These quantities are plotted in Fig. 7-3. 
One final point must be stressed: the low-band compensating net-

work has no affect on and is not affected by the presence of any of 
the several high-band compensating networks which may be used. 
In either frequency band, the circuit constants are such that opera-
tion in one band is unaffected by networks introduced to compensate 
in the other. 

7-22. Coupling Circuit Compensation 

The correction factor 6 may alternatively be used to compensate 
for the effect of the coupling network factor, a. Inspection of these 
factors in eq. (7-144) shows that they are not of reciprocal form so 
that perfect compensation is not possible as it was in the last case. 
An excellent engineering approximation can be made to the ideal, 
however, for generally the circuit design will be such that 

10 
R3 > 

Wt. 3 
(7-150) 

in the range of frequencies under consideration. The effect of this 
inequality on 6 may be best seen by considering 8 in its form shown 
in (7-140). From (7-150) coC3R3 > 10, thus 8 becomes 

R3 

& e-j 1 ± "„"-") •-•-• 1 - 
jwC3R3 WC3R1 

In this form F• may be used to cancel a, provided that 

CaRi = C.R2} 

(7-151) 

COUPLING-CIRCUIT (7-152) 
COMPENSATION 

If the equality (7-152) is met in the design, the low-band response 
will be determined by the bias circuit factor. Then, taking the 
magnitudes of numerator and denominator of y, we have 

\ I 1 ± (WC KR K )2  
(7-153) — rh \ 9 / rf o ‘2 

gm n,K)- -r VduiclIKJ-
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Again the phase angle of y may best be obtained by rationalizing y, 

thus 

Y — (1 ± gmliK)2 (coCKRic)2 

[(1 gmRK) (wCKRK)2] jg.ReaCKRK 
(1 + gmRx)2 (coCKRK)2 

and 0, = arc tan [, (. „ „ gmRK) k‘OU K11401 

gmRKWCKRK 

If we define a frequency fir at which 

(1 ± jwcKRK)[(1 + gmRK) — icoCKR4 

(7-154) 

(7-155) 

COX KRK = 1 (7-156) 

7 and 0.„ may be simplified and the low-band response equations 

become 

A I 
Am 

and 

\I 1 ± (f-LKY 

(1 ± gmRK)2 -I- (I-K)2 

arc tan 
[ gmRic J-.LK 1 

(1 -I- gmRK) (L YJ 

LOW-BAND 
RESPONSE, 
COUPLING (7-157) 
CIRCUIT 
COMPENSATION 

It must be stressed that fx is not the lower half-power frequency. 
Defined by (7-156) it is introduced merely to simplify calculation. 

7-23. Summary 

The decrease in gain and departure from linear phase shift in the 
low-band is the result of the coupling network and the self-biasing 
system. Either, not both, of these effects may be canceled by use 
and proper design of the compensating network shown in Fig. 7-23. 

Generally the bias network effect is canceled out, for the use of self-
bias allows higher values of R2 to be used which improves the low-
band response of the coupling network. High- and low-band com-
pensation networks act with mutual independence; each may be 
designed without consideration of the other, with the single exception 
that RI, which enters into the expressions for all three frequency 
bands, must be determined from the high-band considerations. A 
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typical amplifier compensated for both ends of the video band is 
shown in Fig. 7-25. Compensation is for the bias network in the 
lows. High response is for K = ¡- with an assumed shunt capacitance 
of 20 ¡add. and an upper cutoff frequency of approximately 4 mega-
cycles. 

Fig. 7-25. A video amplifier employing high- and low-band com-
pensation. 

It should be stated that circuit configurations other than those 
described here may be used for bettering the low-band response of 
video amplifiers. One such circuit described by Zeidler and Noe" 
utilizes a circuit connection known as a pentriode amplifier, which 
completely cancels out the effects of screen grid and bias circuit de-
generation down to zero frequency. The principal advantage of the 
pentriode connection is that condensers of small capacitance are used. 
At the time of writing the circuit has found little acceptance in com-
mercial television equipment. 

7-24. Low-Frequency Transient Response 

Having discussed the steady-state behavior in the low-frequency 
band of the compensated amplifier, we next consider its transient 
response. It is unfortunate that there are no simple means of han-
dling this problem analytically, and the trend has been to use the 
square-wave technique. In contrast to square-wave testing for high-
band response to determine rise time and overshoot where a high-
frequency square wave is employed, here a square wave of the lowest 
video frequency, the frame frequency of 30 cycles per second under 
commercial standards, is used. Since the first 10 harmonic com-

38 H. M. Zeidler and J. D. Noe, "Pentriode Amplifiers." Proc. IRE, 36, 11 
(November 1948). 
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ponents are the important ones, it is clear that in this case the out-
put wave will give a measure of the low- and mid-band behavior of 
the amplifier under test. If viewed on an oscilloscope, the output 
voltage will exhibit zero rise time and overshoot, but the shape dur-
ing the flat top portion of the test square wave will give an excellent 

indication of the low-frequency behavior. Typical types of distor-
tion due to poor low-frequency amplifier characteristics are illustrated 
in Fig. 7-26. Of the several types listed, b, d, and f are those most 

I E2 

T 

(a) 

-cb-
(b) (c) 

(d) (e) (f) 

Fig. 7-26. Typical forms of low-frequency distortion. (a) Ap-
plied square wave. (b) Tilt due to leading phase shift of the funda-
mental signal component. (e) Tilt due to lagging phase shift of 
the fundamental signal component. (d) Convex rounding. The 
fundamental component has the proper phase but is too strong. 
(e) Concave rounding. The fundamental component has the proper 
phase but is too weak. (f) Differentiation caused by low R2C2 time 
constant. 

commonly encountered. The cause of the sloping of the wave top 
shown at b may be considered in two ways, first, because of poor low 
frequency phase response, and second, as a result of insufficient time 
constant in the coupling network C,. and R2. The condition illus-
trated at f is an extreme case of that just mentioned. 
The amount of distortion present in b may be conveniently ex-

pressed in terms of tilt or sag. The tilt or sag is defined as the 
ratio of the difference between the leading and trailing edge ampli-
tudes to the leading edge amplitude in per cent. Thus from Fig. 
7-26b 

tilt — E1 — E2 100 per cent (7-158) 

It is interesting to see once again how the steady-state criteria for 
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distortionless amplification fail to give a good indication of transient 
behavior. We have observed that a coupling circuit of R2 = 500 
kilohms and Cc = 0.25 d gives a steady-state half-power frequency 
of 1.25 cycles. It would seem, therefore, that a 30-cycle square wave 
would be passed with negligible distortion by this network because 
all the components of the square wave exceed ten times the half-
power frequency. A simple calculation shows that distortion is pres-
ent and in fact there is a tilt of 13.3 per cent in the amplified wave. 
This may be seen from the following calculations: 
At time t, the voltage across R2 will be 

eR2 = gmejR1E - gmeiRi 1 - 
R2C, 

t 

The half-period of the 30-cycle square wave is 

1 
t - 2(30) 

and from (7-158) the tilt will be 

1  
tilt - - 13.3 per cent 

R2Cc 2(30) (5 X 105)(2.5 X 10-7) 

Practically speaking, tilt may be reduced appreciably by the use of 
synchronized clamping, which is discussed in Chapter 13. In gen-
eral an over-all tilt of 10 per cent may be tolerated in a cascaded 
chain of video amplifiers if small detail is also present in the picture 
signal. When no detail is present, a smaller tolerance of 2 to 3 per 
cent must be held if no variation in the background level is to be 
discernible. 
The condition of rounding which is illustrated at d in Fig. 7-26 is 

among other factors the result of attenuation of the higher frequency 
components in the square waves which attenuation is caused by the 
shunting effect of the compensating condenser C3 in Fig. 7-23. In 
other words, the rounding is caused by a fundamental component 
which has the proper phase but is of too great amplitude relative to 

the higher frequency components." Rounding may be eliminated 
by shunting Cc by a resistor in series with a large blocking condenser. 

In general the adjustment of low-frequency transient response may 
best be accomplished experimentally by using the square-wave tech-

39 M. J. Larsen, "Low-Frequency Compensation of Video Frequency Ampli-
fiers." Proc. IRE, 33, 10 (October 1945). 
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nique. As in the high-band case, it is difficult to predict the transient 
behavior of the amplifier from its steady-state characteristics alone. 

7-25. Clamping° 

Up to this point in our discussion of video amplifiers we have neg-
lected the d-e, or average, component of the video signal. Clearly 
this component will not be psssed by any of the amplifiers which 
have been described because they all utilize a blocking condenser Cc 
which serves to isolate the d-c plate voltage of one stage from the 
grid of the following stage. The need for preserving the average 
signal component was established in the last chapter; we must now 
consider how it may be restored at any point in the video chain. 
We have previously observed that the loss of the average signal 

component in the video amplifiers is not serious" once the black level 
pedestals have been established. We now seek a circuit which can 
recognize and clamp each pedestal to a fixed voltage level. This 
process will automatically reinsert the missing d-e component. Con-
sider the clamping circuit shown in Fig. 7-27, where the output of a 
compensated video amplifier stage V1 feeds the grid of an unbiased 
stage V2. The required clamping action is furnished by the diode V3 
whose polarity is that required for clamping a black-positive signal 

on V2. 
Consider the action which takes place when the video signal is first 

applied to the circuit. Since V2 has zero bias, the average value of 
the voltage applied to V2 is zero. As each blanking pulse of duration 
rb arrives, the grid is driven positive and V3, the clamping diode, con-
ducts. The conduction current allows Cc to charge, its left side in 
the diagram becoming positive. From the circuit diagram the time 
constant of the charging circuit is 

Te = charging time constant (7-159) 

= Ce(R, ± Rd) 

where R, = equivalent generator resistance 

Rd = equivalent static plate resistance 
of V3 during conduction 

and R2 > > Rd 

40 Foster and Rankin, op. cit. 
" See Section 6-16. 
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Fig. 7-27. Diode clamping. (a) Basic circuit. (b) Equivalent cir-
cuit. (c) Clamping diode characteristic. 

(b) 

eb 
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The charging process will continue for the duration of the blanking 
pulse, Tb. 
Remembering that the average value of the grid signal on V2 is 

zero, we see that at the end of Tb, the applied voltage must swing 
negatively. V3 ceases to conduct and C, discharges as shown in the 
diagram. The discharge time constant is 

Td = discharging time constant = Cc(R, ± R2) (7-160) 

The discharge current, id, flows in such a direction through R2 that a 
negative bias is produced on the grid of V2. 
At the end of T. another blanking pulse occurs, V3 conducts Cc 

charges, and so on, the complete cycle repeating itself over and over 
again. We must note the following fact, however: Tci > > 71, and 
the condenser tends to build up a charge which, in turn, maintains 
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the bias across R2. Thus after several cycles of operation have taken 
place, sufficient bias is developed that each blanking pulse drives the 
plate of V3 just enough positive to allow the charge lost by Cu during 
ru to be replaced during Tb. In other words, a repetitive steady-state 
condition is reached which allows pedestal level to be a constant 
fraction of a volt positive on the plate of Va. Pedestal level has been 
clamped to a fixed level, and the proper bias is developed across R2. 
We shall demonstrate that the bias developed in this manner is pro-
portional to the average signal level, black being the reference. 

It may clarify matters to restate the operation in a different man-
ner. The clamping circuit of Fig. 7-27a may be viewed as a half 
wave rectifier of the shunt type where the rectifying element is across, 
rather than in series with, the load resistance R2. In such a circuit 
the d-c voltage developed across the load is proportional to the posi-
tive peak value of the applied signal, which in this case is not sinus-
oidal. The action is also modified by the presence of Ce which per-
mits the video signal to be superimposed on the developed bias as 
far as V2 is concerned. 
The value of bias voltage developed across R2 may be calculated 

subject to a number of justifiable, simplifying assumptions. 

(1) The average value of the original picture remains constant 
over several successive lines. 

(2) Tb < < Tc so that during Tb the charging current remains con-
stant at its Ohm's law value. 

(3) ru < < Ta and id remains at its Ohm's law value. 
(4) The change in condenser voltage, Ec, is negligibly small so that 

Eu may be assumed constant. 
(5) The d-c plate voltage of V1 remains constant and hence need 

not be considered in the calculations. 
(6) Rd < < R2. 

The notation used is that of Fig. 7-27h, thus Ê is the pedestal voltage 
measured from the average value of the signal. 

Subject to these assumptions the condenser charging current is 
determined by the difference between E and E, or 

E,  
2c — — constant (7-161) 

R, Rd 

The charge acquired by Cu during the charging interval Tb is 
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Q 
Ê — E,  

(7-162) c =-• el% — R, Rd Tb 

During discharge the source voltage is at its average value so that 
the discharge current is 

E.  
id — — constant 

R, ± R2 

and the charge lost by C. during T „ is 

(7-163) 

E,  
Qd = ¡di.« — R9 -1- R2 T. (7-164) 

Q, and Qd are each small quantities, but if a steady-state condition 
prevails, it must be true that the charge gained by C. during Tb must 
be equal to the charge it loses during i,; hence 

Qc = Qd (7-165) 

Substituting (7-162) and (7-164) into this identity and clearing we get 

(7-166) 
1 ± r„ 

R2f Tb 

which shows that the condenser voltage is proportional to the pedestal 
level as measured from the average value of the signal. Remember 
all quantities in the denominator are constant. 
The steady-state bias voltage developed across R2 is 

R2  
Ec, =—idR2 = —E, (7-167) 

R9 -1- R2 

and this bias is proportional to E,. It follows, therefore, that the 
bias on V2 is proportional to Ê which is the difference between average 
level and pedestal. The d-c component has been reinserted on the 
grid of V2 by the clamping circuit. 
For purposes of calculation it should be pointed out that R, is 

approximately equal to RI, the plate load resistance of the compen-
sated video stage. Typical circuit values for a clamping circuit at 
the grid of a cathode-ray tube have been listed by Foster and Rankin. 

R2 = 1 megolun Rd = 4 kilohms C. -= 0.1 if 

Under certain circumstances when the magnitude of the ap-
plied black-positive signal is not too great, the clamping diode 
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V3 of Fig. 7-27a may be eliminated and its action replaced by the 
grid-to-cathode circuit of V2. This is possible because the grid-
current—grid-voltage characteristic of V2 is similar to the plate-
current—plate-voltage characteristic of the clamping diode. Where a 
black-negative signal is applied, a separate clamping rectifier must 
be used with its polarity the reverse of that shown in the figure. For 
low values of applied voltage the vacuum diode may be replaced by 
one of the newer types of germanium rectifier elements, such as the 
1N34. Use of the crystal unit results in considerable saving in cost, 

space, and demand on filament power. 
Having seen that the d-c component of the video signal may be 

restored by means of a clamping circuit, we must now consider a 
second question in regard to clamping: At what points in the video 
chain must the d-c component be present in the signal? 

It should be apparent that if at no other place in the system the 
d-c signal component must be present on the control grid of the cath-
ode-ray tube on which the final image is reproduced. Were this not 
so, the final picture would not contain the proper background level 
of the televised scene. At least, then, clamping must occur at the 
kinescope control grid, or that grid must be direct-coupled to some 
stage which is clamped. The second alternative also delivers the 
correct average signal component to the kinescope. 

Reasoning in reverse direction from the last paragraph one might 
well arrive at the conclusion that clamping is required only at those 
points in the circuit where an image is to be reproduced, i.e., at the 
cathode-ray tubes. As a practical matter the judicious use of the 
clamping circuit at certain amplifiers in the video chain can result in 
substantial reduction in the design requirements of these amplifiers. 
This is particularly true in the high-level video stages associated 
with a television broadcast transmitter. 

Consider the following example. We shall arbitrarily assume that 
the peak white-to-black swing is 4 volts on the grid of a particular 
stage. At a and b of Fig. 7-28 are shown signals corresponding, re-
spectively, to a white line on an almost black background, and a 
solid white background. It is further assumed that the ratio of 
blank to unblank time is such that the average values of the signals 
are as indicated in the diagram. If now the amplifier is to handle 
these extremes of signal, in the absence of clamping it must be so 
designed that it will operate linearly over a grid swing of 3.7 3 = 
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4 

3/V 

)•3 V 

(b) 

Fig. 7-28. Clamping may be used to reduce the grid swing for 
which an amplifier must be designed. (a) Signal for a black bar on 
a white background. (b) An all-white signal. 

6.7 volts. If that same grid circuit is clamped, however, black is 
held at a constant level and the amplifier need handle a swing of only 
4 volts. Notice, then, that for the figures used clamping reduces the 
grid swing requirements on the stage by roughly 40 per cent. In the 
high power stages of the video chain where linearity over a wide 
range of grid voltages is difficult to obtain, this grid swing reduction 
is extremely important. It will be seen in Chapter 13 that all the 
high-level video stages employ either clamping or direct coupling in 
order to effect this saving. 

FEEDBACK VIDEO AMPLIFIERS 

The problem of compensation in video amplifiers may be ap-
proached from an entirely different point of view from those which 
have been described in earlier sections. It is well known that nega-
tive voltage feedback may be used to decrease phase and frequency 
distortion in an audio amplifier. The same treatment may be ex-
tended to broad-band video amplifiers. This idea has been utilized 
by the Du Mont organization in the design of television video ampli-
fiers for their image orthicon camera equipment.42.43 The chief 
advantage of the feedback video amplifier is that a single feedback 
network provides equalization over the entire video band. Controls 
are included so that the high- and low-band responses may be ex-
tended with little effect on the mid-band gain; adjustment of mid-
band gain has no effect on the relative response in the highs and lows. 
The basic circuit used comprises two tubes which function together 

and may be termed a "video doublet." Feedback is provided be-

42 Operating and Maintenance Manual, Du Mont Model TA-124-B Image 
Orthicon Chain, Allen B. Du Mont Laboratories, Inc., 1948. 

43 For a general reference on feedback video amplifiers see G. E. Valley, Jr., 
and H. Wallman, Vacuum Tube Amplifiers, M.I.T. Radiation Laboratory Series 
No. 18. New York: McGraw-Hill Book Company, Inc., 1948. 
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tween the tubes by a resistor, RF, shown in Fig. 7-29a. Following 
the procedure set up in the first part of this chapter we shall consider 
the steady-state analysis of the video feedback doublet; the transient 
analysis of the circuit is available in the literature." In the work 
which is to follow we shall ARsume that the plate resistance of each 

(c) (d) 

(a) 

Fig. 7-29. The video doublet. Feedback is provided by RF. 
(a) Basic circuit. (b) Equivalent mid-band circuit. (e) Equivalent 
low-band circuit. (d) Equivalent high-band circuit. 

tube has negligible shunting effect on the plate load circuit. We 
shall follow the procedure used with the resistance coupled amplifier, 
that is, we shall consider three bands of operation, mid, low, and 
high. In order to observe the compensating effect of the feedback 
network we shall force the results into a form similar to those derived 
for the R-C amplifier. 

7-26. Mid-band 

We define the mid-frequency band as that band in which C, and 
the shunt capacitances have negligible effect on the operation. The 
equivalent mid-band circuit subject to this definition is given in Fig. 
7-29h where it is assumed that R2 > > RIP ± RI. From the diagram 

"J. H. Mulligan Jr. and L. Mautner, "The Steady State and Transient 
Analysis of a Feedback Video Amplifier," Proc. IRE, 36, 5 (May 1948). 
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and 

whence 

Eom = gm242)Ri 

E92 = E. - g miE 91R F 

[1 - g .21? F1 
A,. = = m 11 11 

1 ± gnaki 

(7-168) 

(7-169) 

MID-BAND (7-170) 

Comparison of this equation with (7-26) shows that the effect of the 
second tube and the feedback network is to multiply the output of 

the first tube by the factor (1 - gm2Rc)/(1 gm2R1) which is less 
than unity. It is characteristic of inverse feedback that the ampli-
fication is reduced. 
Two interesting facts may be observed from (7-170). First, the 

mid-band gain may be controlled by the bias on V1 which determines 
gmi. Second, for typical values R1 = 1 kilohm and RI, = 4 kilohms 
the mid-band gain is fairly well isolated from variations in g„.2. 

7-27. Low-band 

As the frequency of the applied signal drops below the mid-band 
limit, the reactance of Cc becomes significant and .42 is determined 
by the voltage divider action of Cc and R2 are shown in Fig. 7-29c. 
From the diagram 

R2 R2  
E92 - Epl - - gmiRF) 

R - R - 2 
2 COCe COG 

(7-171) 

Because of the high impedance of the 1?2C, branch E. is given by 
(7-168) and may be written E., since we are analyzing the low-band 
circuit. Combination of these two equations gives: 

E,, 1 ± gm2Ri (R., R2 i 1 [ 

- Caer) 

[ (R2 R2 J.—)] 
CO 

= - gmlEgIR1 i - gm2RF  G 

which may be reduced to the form 

Al = 
vp 1 

1 - gm2itc Eoi = (1 4. gmA 

Eal Ii 
 ](1 - g m2RF)coC,R2 

(1 + gm2RI)coC,R2 

(7-172) 

(7-173) 
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This expression may be simplified if we note that the factors outside 
of the brackets are precisely the complex mid-band amplification. 
The quantity within the brackets may also be simplified subject 
to an approximation. For typical circuits constants and an assumed 
g„,2 of 5000 micromhos the reactive term in the numerator drops out. 
Hence we have approximately that 

and 

.-1, 

.4 „, 1  
1  

[coC,R2( I ± 9.2R1)]2 

1  

Oi arc tan [coC,R2(1 ± g .2R1)] 

LOW-BAND (7-174) 

Equations (7-174) are deceptive in the following respects: ( 1) Self-
bias effects are neglected, and (2) C. and RL are within the doublet. 
If the output across R1 is coupled to another similar pair through an-
other R-C combination, the response will be affected by an « term 
defined in (7-135). The equation does show how the feedback pro-
vides compensation for R2 and C. within the doublet. In effect the 
time constant C.R2 is increased by a factor (1 ± g„aRi), which is 
subject to control by varying the bias on V2. We have already seen 
that the mid-band gain is fairly well isolated from changes in g„ 2; 
hence this low-band response control has little effect on the gain. 

7-28. High-band 

As the frequency of the applied signal is raised above the mid-band 
limits, the effect of the various shunt capacitances of the circuit must 
be reckoned with. We shall adopt the following notation: 

C.1 = output capacitance of Vi 

Ca = input capacitance of V2 

Cal = Col ± C i2 

Co2 = total shunt capacitance across Ri 

= sum of V2 output and input capacitance 
of the following stage. 

1 = 
COCol 

X2 = —1  e _  . wc82 1 + 3.c.2R1 

(7-175) 
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The equivalent high-band circuit is given in Fig. 7-29d. By in-
spection of the diagram we see that the output current is no longer 
the sum of the constant currents gmlE91 and gm2E92 because of the 
shunt path offered by C.1 whose reactance must be reckoned with in 
the high-band of frequencies. The circuit may best be analyzed by 
use of the superposition theorem; thus 1, is the sum of the compo-
nents of current flowing through Z1 resulting from, respectively, 
grniE91 acting alone and gm2Eg2 acting alone. Hence, 

/o gmiE01( —jX1) gm2E02(RF — .iXi) (7-176) 
RF ZI iX1 

where 

and 

[E92 = Leh 
R g  M2E 412Z 1] 

RF ± Z1 — iX1 

Ehh —10Z2 

(7-177) 

(7-178) 

The last three equations may be combined and after considerable 
algebraic manipulation yield the result 

Ehh 
— i R1 Ah = m gm2RF\ 

1 ± gm2R1) X 

Ii:  
1 

1 —  RFR1 j  flip Ri RI\ (7-179) 
(1 + gm2ROXIX21 • (1+ g„,2R1) Xi ▪ x24 

Again the last expression may be simplified by noting that the 
expression outside the braces is Am. Furthermore the term 

RR./(1 gm2R1)XiX2 

is very small in comparison to unity, thus we have the approximate 
equations 

Ah  1 

Am Nil {(  
1+ gm2Ri [(RF -I- Ri)Cai RiC.2]}? 

Oh ee — arc tan {(. ± ,n2Ri w ) [(Re ± Ri) RiC.,2]} 1 g 

From the last two equations we note that the degradation of high-
band response in the doublet is the result of the shunting effect of C., 

HIGH-
BAND 
(7-180) 
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on (RF -I- R1) and of C12 on RI. The feedback compensating network 
acts to lower these R-C time constants by the factor (1 ± gm2R1), 
thereby producing a wider response. Notice that gm2 controls the 
high-band characteristics. The effect of bias on the circuit may be 
summarized as follows: 171 bias sets mid-band gain with no effect on 
high and low response; V2 bias controls response in the end bands 
with little effect on the mid-band gain. 

7-29. The Cathode Follower 

It is common practice in television work to monitor the operation 
of a picture system by checking voltage wave forms at critical points 
in the equipment. In order that the test equipment cause minimum 
disturbance of the channel under test it is imperative that the test 
voltage be sampled with a device of high input impedance. Conse-
quently we seek some sort of circuit which has a high driving-point 
impedance and at the same time is capable of operating throughout 
the entire frequency range of the signal under test. 
Another situation encountered in most television systems is that 

the video signal must be transmitted over relatively long lengths of 
cable. It is well known that optimum transmission over a line occurs 
when both the generator and receiving-end impedances are identical 
to the characteristic impedance, Z., of the line. The lines generally 
used in television work are of the coaxial type and have characteristic 
impedances in the range from 50 to 3002 and which, for practical 
purposes, May be considered as pure resistance. In order to feed 
such a cable properly we desire some device which has a low internal 
impedance of the same order of magnitude as the range given above. 
Both of these desired characteristics, high input impedance and 

low output impedance, are available in the cathode follower circuit, 
in fact, the latter may be described as a broad-band impedance-
matching device. In common with devices which provide a step-
down of impedance level, the cathode follower has a gain of less than 
unity. These characteristics of the circuit will now be analyzed. 
The basic circuit of the cathode follower is shown in Fig. 7-30. We 

have already seen in the last chapter that the input impedance is 
raised by the degeneration caused by the cathode-to-ground imped-
ance. ' We consider next the gain and output impedance of the cir-

cuit. 
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vg, Il Ip 

Rn- RI+ R2 

(a) (b) 
Fig. 7-30. The cathode follower. (a) Basic circuit. (b) Equiva-

lent circuit. 
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Considerable work may be saved if we utilize the results of the last 

chapter. Let us define 

RK = R1 + R2 (7-181) 

Then replacing (R1 -I- R2) of eq. (6-70) by the equivalent load 
RKRL/ RK RL) we have for the plate current 

IP 
RKRL 

gEi 

r, II 
RL 

for g > > 1 

Ei  
(7-182) 

• 1 ▪ RKRL  
RL 

The constant-voltage equivalent circuit for eq. (7-182) is given in 
Fig. 7-30b. The circuit amplification is 

RKRL RKRL  
E A = = ▪  RK RL RK-FRL  
Ei E. 1 —   

g. RL 

By direct application of Thevenin's theorem to the equivalent cir-
cuit we see that the source impedance seen by RL is 

RK  RK  Zout - (7-184) 
1 + R K) - 1 gmRK 

kgm 

the output impedance of the cathode follower. This result may be 
verified by the more conventional method of replacing RL by a volt-
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age E delivering a current I. With E, = 0, Z0,, will be the ratio of 
E to I. 
We see from eq. (7-184) that the load, RL, always sees an imped-

ance equal to the parallel combination of 1/g„, and RK, which of 
course will be less than 1/g,.. A consideration of the range of trans-
conductance available in commercial tube types shows that a large 
range of low output impedances is available. The constants for 
several typical tubes are given in Table 7-1. 

TABLE 7-1 

Tube ÍI mieromhos 11g„, ohms 

6AC7 
6L6 
6A3 
6L6 (triode) 
6SN7 
6SK7 
6SF5 

9000 
6000 
5250 
4700 
3000 
2000 
1500 

110 
167 
190 
213 
333 
500 
666 

It can be seen from the table that a considerable choice in low output 
impedance may be had by the proper choice of Ric, which, it must be 
remembered, shunts 1/g,.. The general design procedure calls for 
choice of a tube for which 1/g„, is larger than the Z. of the cable being 
matched. RK is then chosen to provide the proper impedance match, 
its components R1 and R2 being designed to furnish the correct bias 
for the stage. Consider the following illustrative example. 
A cathode follower is to be designed to work into a 72-ohm 

coaxial cable. We choose a 6AC7 for the tube to be used because of 
its low 1/g„, value. The value of RK required to match the tube to 
the cable is 

1 1 1 

RK = 72 - 110 

RK = 211 ohms 

Proper bias adjustment requires that we know the length and loop 
resistance per unit length of the cable. The reason for this is that 
to the a-c components of signal the properly terminated cable ap-
pears as a fairly constant resistance, Z., which is independent of the 
length of cable in use. The d-e component of current, however, 
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flows through the d-c cable resistance plus the terminating resistance 
Z.. R1 and R2 must be adjusted with this in mind. The entire 
cable system may be isolated from the bias network by the insertion 
of a blocking condenser at x in Fig. 7-31. If the low-band response 
is to be maintained, an ex-
tremely large condenser will be 
required since Zo is low.45 

In the analysis above we have 
neglected the effect of shunt 
capacitance on the output volt-
age. This is justified in most, 
cases because of the low value 
of load resistance. For exam-
ple, in the problem just cited 
the total a-c load resistance be-
tween cathode and ground will 
be RK and Z. in shunt, or 54 
ohms. With a total shunt capacitance of, say, 20 µµf the upper half-
power frequency will be roughly 150 megacycles; obviously there is 
no problem of poor high-frequency response. 
On long runs of coaxial cable, the response of the cable is not uni-

form over the entire pass band. Compensation for this effect may 
be provided by a conventional lattice-type equalizer network. 
We have seen that the cathode follower serves as a high-input low-

output impedance device, capable of operation over a wide frequency 
range. In describing the over-all television system in subsequent 
chapters we shall make frequent use of the circuit. Since the output 
impedance of the cathode follower is low, its step function or tran-
sient response is usually quite satisfactory. Treatment of the tran-
sient response is available in the literature.46 

Fig. 7-31. A cathode follower is used 
to match a coaxial cable. 

RK= RI+ R2 

• 1 1 
FIK Zo e rn 

46 A number of nomographs covering various aspects of cathode follower design 
are available in the literature. See, for example, M. B. Kline, "Cathode Follower 
Nomograph." Electronics, 22, 6 (June 1949). 

66 B. Y. Mills, "Transient Response of Cathode Followers in Video Circuits." 
Proc. IRE, 37, 6 (June 1949). 



CHAPTER 8 

CLOSED TELEVISION SYSTEMS 

The television system is unique in electrical communication in that 
it extends the range of vision of the observer. This characteristic of 
the system leads to a wide range of applications in telemetering and 
monitoring of operations which take place in remote or dangerous 
locations. For example, television has provided a safe means for 
observers to watch nuclear reactions which of necessity must be con-
fined within a protective enclosure. In the field of rocket-motor 
development the use of an insulated camera pickup assembly within 
the high-temperature test chamber has eliminated the need for ob-
servers to check motor operation through a small, laminated glass 
porthole in the chamber wall; the viewing may be done at a conven-
ient location with the aid of 10-in, or larger cathode-ray tubes.' 
A suitable televising system permits the monitoring of several 

operations that take place at different points. Emerson Radio has 
developed such a video chain that enables a plant manager in his 
office to view any one of a number of key production points scattered 
throughout the factory.2 Choice of the location viewed is provided 
by a master switching system which connects the monitoring receiver 
to any of several camera equipments. 

In the field of telemetering, television, in contrast to the several 
servomechanism or follow-up devices, provides a remote meter indi-
cation with zero error. With the camera tube viewing the actual 
instruments, the observer literally "sees" these instruments whether 
they indicate voltage, current, or pressure, temperature, or other 
nonelectrical quantities. A system of this type built by Farnsworth 

1 "Television Monitors Dangerous Operations," Electronics (Tubes at Work, 
Vin Zeluff, ed.) 21, 4 (April 1948). 

2 "Television System for Industrial Applications," Electronics (Tubes at Work, 
Vin Zeluff, ed.), 20, 5 (May 1947). See also R. C. Webb and J. M. Morgan, 
"Simplified Television for Industry." Electronics, 23, 6 (June 1950). 
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Research Corporation has been used to monitor boiler water gauges 
located up to 400 feet from a power station control room.3 
These and many other similar applications show that there is an 

increasing demand for television in fields other than entertainment. 
In each of these applications the subject matter is of interest to one 
or at the most only a few observers; hence they are generally cable-
connected systems, no radio transmitter is used, and the cameras are 
connected directly to the viewing equipment by wire facilities. We 
shall, then, call such a cable-connected system a closed television 

system. 
The closed television system just defined is not necessarily required 

to produce a picture of high entertainment value. We shall find that 

in its development many compromises in picture quality may be 
made in the interests of economy and simplicity of operation. We 
shall also see that such systems tend to follow two trends in design: 
signal and synchronization information are kept separate and fed 
over different cables, or they are combined into a "composite video 
signal" which requires a single signal pair. The chief purpose of the 
present chapter is to show how the various components which have 
been studied may be combined into a closed television system. 

8-1. Type I— Closed System 
We propose to set up a closed television system in broad outline. 

We must first determine some of the standards around which the 
system is to be built. In the interests of simplicity we shall try to 
use cathode-ray devices which employ electrostatic deflection. Our 
first choice is the camera tube and a logical one is the type 1847 
iconoscope or its more recent commercial counterpart, type 5527, 
both of which are of the electrostatic type and require no keystone 
correction. The 5527 is capable of 250 line resolution, can operate 
with illumination from roughly 600 watts of incandescent lighting, 
and has the added advantage of requiring voltages of less than 1 kilo-
volt for satisfactory operation. An additional feature of the 5527 
iconoscope which leads to system simplification is that its signal plate 
is direct-coupled to the output circuit which aids the low-frequency 
response in the system. 

R. W. Sanders, Industrial Television, Radio-Electronic Engineering Edition 
of Radio and Television News, 12, 2 (February 1949). Se e also R. W. Sanders, 
Closed-Circuit Industrial Television, Electronics, 23, 7 (July 1950). 
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We shall assume that interlaced scanning is not required, but a 
60-cycle frame frequency is chosen to minimize flicker effects. No 
attempt will be made to lock in the vertical sweep with power-line 
frequency. The standard aspect ratio of 4 to 3 is to be used because 
it coincides with the shape of the iconoscope mosaic. Notice, then, 
that we have the following requirements: 

A = aspect ratio = 4 to 3 
= 60 cycles 

n = 250 lines 
fi = line frequency = nfj, = 15 kilocycles 

reasonable values for ph and p„, the horizontal and vertical flyback 
ratios, respectively, are 1 to 9 and 1 to 19. We may now set up the 
over-all block diagram for our closed system, which is given in 
Fig. 8-1. 

r. 
SWEEP AND BLANKING UNIT 

• •••••\ 

L. 

250/1 
COUNTER 

15,0001" 
MV 

BLANKING 
MIXER 

J1111-111.11. 

B.A. 

BLANKING 

15,000n+ 
S.G. 

S.A. 

-truL_nnt 

_ 

BAL. 
V 

S.A.  

BAL 
H 

S.A. 

P. S. 

—LEGEND — 
MV — MULTIVIBRATOR 
&G.—SWEEP GENERATOR 
S.A.—SWEEP AMPLIFIER 
P.5.— POWER SUPPLY 
H — HORIZONTAL 
V — VERTICAL 
B.Ar BLANKING AMPLIFIER 

• HORIZ. SWEEP 

• • VERT. SWEEP 

VIDEO  PICTURE BLANKING  
A  

BAL BAL. 1 
V H 

S.A. S.A. I 

I=1 

VIDEO A, 
CLAMP 

P.S. 

CAMERA UNIT RECEIVER UNIT 

Fig. 8-1. Type I closed television system. Common sweep volt-
ages are fed to both ends of the system. 

In Chapter 1 we saw that the three basic units of a television system 
are the pickup unit, the reproducing unit, and the link interconnect-
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ing them. Subsequent work showed the need for synchronizing the 
sweep at both ends of the system, a requirement that may be met by 
providing a master synchronizing or sweep-voltage source. These 
components may be identified in the diagram as we discuss each one. 
The heart of the whole sweep system is a multivibrator, free-

running at the line frequency of 15,000 cycles. Following through 
the horizontal sweep system we see that this multivibrator triggers a 
saw-tooth sweep generator whose output is amplified and fed to the 
horizontal sweep line. Normally coaxial cable would be used for the 
various signals; a single line is shown on the diagram to avoid con-

fusion. 
In order for the vertical and horizontal sweeps to be locked in with 

each other, provision is made in the diagram for the master multi-
vibrator to synchronize the 60-cycle multivibrator which heads the 
vertical deflection chain. A step down ratio of 250 to 1 is provided 
in the sync signal by a frequency-dividing or counter circuit located 
between the two multivibrators. The operation and analysis of the 
counter circuit is given in Chapter 11. For the moment we may 
summarize its operation by stating that it delivers one output pulse 
for every 250 pulses applied to its input. It therefore serves to re-
duce the line multivibrator output to a 60-cycle synchronizing pulse 

which may be used to lock in the low-frequency system. The 60-
cycle multivibrator feeds a sweep-generation and -amplifier chain 
similar to that already mentioned. Any number of variations of the 
basic circuit are possible, of course. For example, a multivibrator 
and its sweep generator may be combined into the circuit shown in 

Fig. 4-22b. We have already developed the necessary design equa-
tions for these units, which may be evaluated quite readily for the 
standards which have been listed. Our next consideration is of the 
means provided for generating the blanking signals. 
The third chain in the sweep and blanking unit furnishes the neces-

sary composite blanking signal which blanks out the iconoscope trace 
and the video signals during the vertical and horizontal flyback in-
tervals. In the interests of simplicity we shall assume the blanking 
and flyback intervals to be identical. The various blanking signals 
that are required are shown for an interval of time during which the 
relatively long vertical blanking pulse occurs in Fig. 8-2. The vari-
ous time quantities involved may be calculated as follows. 
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820 Li SEC 

(a) 

r- 66.7 /1SEC 14— 33W SEC 

(b) 

CLIP LEVEL 

(C) 

(d) 

Fg. 8-2. Development of the composite blanking system. 

For the vertical system 

V, = frame interval = -1 = —1 
h 60 

=- 16.67 milliseconds (8-1) 

From equation (3-26) 

V, = (r,,),, (rf). 

and Pr = 
0-air 

19 
Therefore, (78),, = V - (16.67) = 15.85 millisec (8-2) 

1 ± p,, 20 

and (r.f)r = V p (re)ro = 0.82 millisec = 820 µsec (8-3) 

Similarly for the horizontal system 

1 
H = line interval = — = 66.7 µsec (8-4) 

nfir 

(Ta) , = 60.03 µsec (8-5) 

and (rf)h = 6.67 µsec (8-6) 
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Since we have decided to let flyback and blanking times be identical 
in each case, (8-3) and (8-6), respectively, give the vertical and 
horizontal blanking intervals. These are indicated in Fig. 8-2. 

It should be observed that it is useless to preserve the identities of 
the two separate blanking signals during the vertical blanking inter-
val; if the vertical signal has blanked the iconoscope, certainly the 
superposition of another blanking signal will not affect the reproduced 
picture. Thus provision is made in the system to combine the signals 
into a composite blanking signal shown at d in the figure. The two 
signals are combined in the sweep and blanking unit rather than at 
the camera unit in order that an extra cable length may be eliminated. 
The method of combining the two blanking waves is shown in Fig. 

8-3. The two pulses which are derived from the multivibrators are 
fed to the control grids of V1 and V2. Since these two tubes have a 
common plate load, they add the signals as indicated in Fig. 8-2c, 

15,000'‘' +1 H. SWEEP 
GEN MV 

TO 6e, 
SWEEP GEN 

H. SWEEP 
AMP 

Fig. 8-3. Detail of the blanking signal mixer circuit. 

BLANK-
ING 

CABLE 
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and as described in connection with Fig. 6-26a.4 The bias on V3 is 
adjusted so that all portions of the combined signal below the clip 
level drive V, below cutoff, and an amplified, positive-going compos-
ite blanking signal appears at the plate. 
A negative-going signal is required to blank out the iconoscope. 

1.4 produces the required phase inversion and 1'5, in a cathode f ol-
lower circuit, serves to match the characteristic impedance of the 
coaxial cable leading out from the sweep and blanking unit to the 
rest of the system. 

It should be noticed in the block diagram (Fig. 8-1) that no blank-
ing signal cable connects to the receiver unit. The need for this 
cable is eliminated by combining the blanking and picture signals, a 
reasonable procedure since both have the same ultimate destination, 
the CRT control grid. Combination of the two signals may be 
effected in the video amplifier chain by using the mixer circuit just 
described or some equivalent circuit. Since we have delivered a 
negative-going blanking signal to the blanking cable, some other 
circuit is implied. One such possible circuit is given in Fig. 8-4. 

The mixing is made to take 
place in a stage which is fed a 
black-negative picture. The 

BLACK- negative-going blanking signal 
NEGATI VE 
PICTURE is applied to the screen grid of 
SIGNAL the tube. The effect of the 

negative blanking signal applied 

Fig. 8-4. Picture and blanking signals there is to decrease the plate 
may be mixed in a single pentode. current in the stage. If an am-

plitude control for the blanking 
pulse amplitude is provided, the height of the pedestal level may be 
set relative to the cutoff voltage of the following stage. Thus the 
proper background level of the picture may be set. The action here 
is quite similar to that described in connection with Fig. 6-26, except 
that a different mixing system is employed and the effective clip level 
is controlled in a different manner. The signal available at the out-
put. of the mixer stage consists of the picture signal plus the blanking 
signals (black level) at the proper time intervals. This composite 
picture signal when fed to the CRT grid will ensure that the latter 
is blanked out during horizontal and vertical flyback intervals. 

' A graphical analysis of the mixer circuit is presented in section 11-16. 



§8-11 CLOSED TELEVISION SYSTEMS 349 

Consider next the balanced deflection amplifiers which are located 
in both the camera and receiver units. The sole function of these 
amplifiers is to provide deflection voltages of proper amplitude and 
which are balanced with respect to ground. The use of balanced de-
flection signals tends to give more satisfactory operation in both of 
the cathode-ray devices. 
The difficulty encountered with unbalanced deflection where one 

plate is returned to ground is illustrated in Fig. 8-5. In this case the 
electrostatic field is not uniform. 
When the upper plate is posi- f 1 TION 

tive, the electron beam moves 
AMPLIF 

MOSAIC OR 
I FLUORESCENT upward and sees a different ac-   - -v SCREEN 

celerating voltage than it does 
when it is deflected downward. 
The net effect is that the beam 

suffers defocusing as it moves Fig. 8-5. Unbalanced deflection. One 

toward certain areas on the deflection plate is at ground potential. 

target. 
With balanced deflection, on the other hand, neither plate is 

grounded and they are fed from a push-pull amplifier. Thus the 
average of the two deflection voltages is zero or ground potential and 
the electron effectively sees a uniform field as it moves toward the 
target. 
Any of several forms of push-pull amplifiers may be used. One 

form, known as a paraphase amplifier, requires no separate tube for 
phase inversion. The cathode-

1/ polarities indicated in the dia-

1 amplifier is shown in Fig. 8-6. 
Since the grid of V2 is grounded, 

that developed across the com-
mon cathode resistor, RK. The 

its cathode-to-grid voltage is 

coupled version of the paraphase 

gram show that when a negative 
Fig. 8-6. Cathode-coupled paraphase voltage is applied to the grid of 

VI, a voltage of opposite phase 
and of almost the same magnitude is applied to V2. The difference 
in magnitudes is due to degeneration caused by RK. The circuit may 
be analyzed by use of the equivalent plate-circuit theorem. 

amplifier. 
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The required bandwidth of the several sweep amplifiers should be 
investigated to see if compensation is required. To do this we need 
to know how many harmonics of the saw-tooth waves are significant. 
To this end we shall make use of the Fourier expansion derived by 
Von Ardenne' for a saw-tooth wave of finite flyback ratio, p. 

e(t) =  (P — ) 2 1  vg (sin nrP) in 1  s net where P — 1 p (8-7) 
7r P2 hid 72  

For the standards we have chosen, P = if = 0.95. The envelope 
of the relative amplitudes for the first ten terms of the series (8-7) 
are plotted in Fig. 8-7 as a function of n, the order of the harmonic. 

w  tO 
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HARMONIC ORDER 

Fig. 8-7. Envelope of the relative magnitudes of the first ten har-
monics of a saw-tooth wave of flyback ratio p = 1/19. 

It will be observed that the change in magnitude for terms having an 
n greater than 6 or 7 is small and there is some question as to what 
harmonics may be neglected. We shall assume that the first 10 at 
least must be passed by the amplifier. Consequently the horizontal 
deflection amplifiers must have a pass band extending up to 150 
kilocycles, which certainly presents no problems, and no compensa-
tion is required. For the vertical deflection system the fundamental 
component is 60 cycles and in general low-band compensation will 

be required. 
We consider next the video amplifier system. The two prime 

aspects which must be considered here are the gain and bandwidth 
required. Let us first make an estimate of the required bandwidth 
by means of eq. (2-2) 

f, = top video frequency = IN,,2f, 
6 M. Von Ardenne, "Distortion of Saw-tooth Waveforms." Electronics, 10, 11 

(November 1937). 
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To a first approximation we may assume N„, the number of elements 
along a vertical line, to be identical to the number of active lines, thus 

N„ n„ = W250) = 237 

and, substituting, we have 

f„ = 1(4)(2.37)2104(6 X 105 = 2.24 megacycles 

(8-8) 

(8-9) 

To be on the safe side we shall design the amplifiers for an upper 
cutoff frequency of approximately 2.5 megacycles. The lowest fre-
quency to be transmitted is 60 cycles, the picture-repetition rate. 
The design equations for an amplifier to meet these frequency re-
quirements have been given in Chapter 7. 
The gain required of the video amplifier system is determined by 

the voltages at three points in the system: the iconoscope output 
voltage, the voltage required at the input of the picture and blanking 
cable, and the value required at the kinescope grid. The first of 

these may be calculated with the aid of equations in Chapter 6 when 
the lighting level of the televised object and the constants of the 
pickup lens system are known. 

Consider the voltage input requirements for the video cable. The 
cable must deliver to the receiver unit a voltage which is well above 
the noise level of the first video amplifier there. Call this required 
voltage E2. The cable will have an attenuation of a decibels per 
foot, a figure which is available from cable manufacturers' data. 
Then if 1 is the length in feet of the interconnecting cable, the re-
quired input voltage to the cable, E,, will be 

E'l = E210«1/2° (8-10) 

Equation (8-10) is the result of the definition of attenuation ex-
pressed in decibels. Typical values of EI range from 1 to 5 volts 
peak to peak, the actual value being dependent upon the length and 
attenuation constant of the actual cable in use. The amplification 
required in the camera unit will be the ratio of EI calculated from 
(8-10) to the output voltage delivered by the iconoscope. 

In a similar manner the total video amplification required at the 
receiver unit is the ratio of the kinescope grid voltage required for 
the full reproduction of the gray scale from black to white to E2. 
The former value may be obtained from the characteristics of the 

cathode-ray tube in use. 
It is generally desirable to have some sort of picture gain and 
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brightness control at the receiving unit. The former, which effec-
tively controls the contrast on the reproduced image, may be ob-
tained with the conventional volume control of audio work. The 
brightness level control is illustrated in Fig. 8-8. Cc, R2, and the 

CRYSTAL 
RECTIFIER 

Fig. 8-8. P is the manual brightness control. 

crystal rectifier may be identified with the clamping circuit described 
in the last chapter. Their action is to develop across R2 a bias equal 
to the average value of the incoming signal. The potentiometer, P, 
allows an additional d-c component derived from the power supply 
to be added in series between the CRT cathode and grid. Thus P 
provides a means of controlling the d-c or average brightness compo-
nent of the reproduced signal. 
We have thus discussed the major components of the simple closed 

television system whose block diagram appears in Fig. 8-1. It 
should be immediately apparent that a number of variations are 
possible. We shall consider a few of these to indicate the flexibility 
which is available in the design of a closed television system. We 
follow a line of development which leads toward the open system, 
which employs radio transmitters, of the commercial telecasting 
industry. 

8-2. Type II—Closed System 

In the system just described, synchronization of the scanning 
rasters at both ends of the closed system was obtained by generating 
all sweep voltages at a common point. These saw-tooth voltages 
were then fed to the camera and receiver units. Another method of 
obtaining the same result would be to generate a set of master syn-
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chronizing signal, \\ hich, in turn, are used to trigger sweep-generator 
circuits located at both ends of the system. Such a system, which is 
illustrated in Fig. 8-9, provides a degree of flexibility not present in 
the type I network just described. 
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Fig. 8-9. Type II closed television system. Common sync voltages 
are fed to both ends of the system. 

To illustrate the flexibility of the common sync system the circuit 
shows a CRT which employs magnetic deflection in the receiver unit. 
This is quite possible, even though the camera tube uses electrostatic 
deflection, because in each case the required sweep voltage is gener-
ated locally. The common synchronizing signal locks-in all the 
sweep generators and ensures that all the scanning rasters begin 
simultaneously and in phase. In the third type of system to be dis-
cussed we shall consider the idea of combining the horizontal and 
vertical synchronizing signals with the picture and blanking voltages. 
If such a combination is possible, two of the unit-interconnecting 
cables may be eliminated. 
The sync and blanking unit of Fig. 8-9 merits special attention for 

it incorporates some features which depart from the pattern estab-
lished in earlier chapters. It may be seen from the diagram that the 
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two base-frequency multivibrators, which operate at 60 cycles and 
15 kilocycles, are not interconnected by a synchronizing link, i.e., 
the maintenance of the correct frequency ratio between them de-
pends solely upon the frequency stability of the two multivibrators, 
that is, the random scan is used. If, for example, the line-frequency 

multivibrator drifts from its design value of 15 kilocycles, the only 
effect will be a slight change in the number of lines and a correspond-
ing change in the system resolution. The advantage of the free-
running line-frequency multivibrator is that it eliminates the need 
for a counting circuit to provide lock-in between the low- and high-
frequency scans. 

Reference to Fig. 8-9 shows that the 60-cycle multivibrator is 
synchronized from the power line. We have already seen in Chap-
ter 2 that this will reduce the effects of power supply hum voltage 
on the reproduced picture, because it ensures that the vertical sweep 
will be integrally related to the hum components and will have a 
fixed phase relationship to them. 
The high-voltage power supply for the cathode-ray tube in the 

receiver unit is shown connected to the horizontal sweep amplifier. 
The implication is that a flyback-type high-voltage power supply is 
used. 
The remaining elements of the system are similar to those described 

for the type I system. A complete design of the type II system 
which shows all the necessary circuit components has been made by 
Barrett and Goodman.6 

8-3. Type Ill— Closed System 

It has been pointed out that the number of cables feeding the re-
ceiver unit may be reduced to one if the synchronizing signals are 
combined with the picture and blanking signal. Although it may 
seem that the reduction in the number of cables is rather trivial, we 
shall outline the system because it lays the basis for the second sec-

tion of this book which is concerned with the commercial telecasting 
system. If three independent channels were required for horizontal 
sync, vertical sync, and the picture, the problem of transmitting by 

6 R. E. Barrett, and M. M. Goodman, "Simplified Television for Industry." 
Electronics, 20, 6 (June 1947). A similar system has been described which uses 
an image dissector in place of the iconoscope; àee R. W. Sanders, op. cit. 
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radio would require three separate transmitters. If, on the other 
hand, all three channels are combined to give a "composite video 
signal," only one transmitter (i.e., one interconnection channel) will 
serve. In setting up the type III closed system, then, we are point-
ing the way to what follows, nevertheless this must not obscure the 
fact that the development of the composite video signal to eliminate 
two cables in a closed system is of consequence itself. The block 
diagram of the type III network is shown in Fig. 8-10. The same 

SYNC AND BLANKING UNIT 

CAMERA UNIT 

-LEGEND-
MV - MULTI VIBRATOR 
A - AMPLIFIER 
SEP - SEPARATOR 
S.G.- SWEEP GENERATOR 
S.A.- SWEEP AMPLIFIER 
P.S.- POWER SUPPLY 
H - HORIZONTAL 
V - VERTICAL 

COMPOSITE VIDEO 

WL.SYNC V. SYNC 
ANKING + PICTURE) L 

RECEIVER UNIT 

Fig. 8-10. Type III closed television system. Sync, blanking, 
and picture are combined into the composite video signal. Only one 
interconnecting channel is required between the two ends of the 
system. 

standards of line and frame frequency which were proposed at the 
beginning of the chapter are afflumed. By way of variation an image 
dissector is shown as the camera tube. Because of the marked simi-
larity between this and the commercial system which is described at 
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length later, we shall only give a broad outline of the circuit opera-
tion. Each component in the sync and blanking unit will contain 
several subcomponents, some of which will be described. A com-
plete synchronizing signal generator is described in Chapter 11. 
The combination of the several voltages into a single composite 

video signal is possible because the synchronizing signals and picture 
do not occur simultaneously. We have previously pointed out that 
the picture is blanked out (i.e., driven to or beyond black level) dur-
ing the retrace intervals. The sync signals serve to initiate the re-
trace in both directions; hence we need only to ensure that the picture 
is blanked out just before any synchronizing pulse begins. If the 

synchronizing pulses extend in the black direction beyond the black 
level, they will have no effect on the picture information proper. 
Following this line of thought we see that, were it possible, the gray 
shade produced by the sync pulses on the kinescope would be "blacker 
than black," hence the notation that the sync pulses lie in the 

blacker-than-black region of the signal's amplitude. 
Four principal topics confront us: ( 1) Combination of horizontal 

and vertical synchronizing pulses into a combined synchronizing or 
"supersync" signal; (2) Combination of the supersync and picture 
voltages into the composite video signal; (3) Separation of the com-
posite video signal into its supersync and picture components; (4) 
Separation of the supersync into its horizontal and vertical sync 
components. We now consider these processes of combination and 

separation in order. We shall only outline the system because of its 
similarity to the commercial one which is covered at length in the 

subsequent chapters. 

8-4. The Supersync Signal 
It should be realized at the outset that a number of methods of 

combining the horizontal and vertical synchronizing signals are pos-
sible. We shall follow commercial practice and describe the system 
which requires that the horizontal and vertical synchronizing pulses 

differ considerably in width. 
A moment's reflection will show that if the two sync signals are to 

be combined and then separated, they must be sufficiently different 
so that some sort of electrical network can distinguish between them. 
This requirement may be met by using a short horizontal pulse and a 
relatively wide vertical pulse. These may be separated by the use 
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of differentiating and integrating circuits as shown in Fig. 8-11.7 For 
example, it may be seen at b that if sufficient bias is placed on a 
sweep-generating stage which is fed by an integrating circuit, only 
the longer pulse will produce an output of sufficient magnitude to 
trigger the sweep generator; the integrating circuit can "protect" the 
vertical sweep generator from the narrow horizontal sync pulses. 
We see, then, that the choice of a narrow horizontal sync pulse and a 
wide vertical one meets the separation requirement. It would appear 

that a supersync signal of the form shown in Fig. 8-12a would meet 
the requirements for satisfactory synchronization. 

°H ( ° 

 o 

(a) 

} SWEEP 
GENERATOR 
CUTOFF 
LEVEL 

o o 

( b) 
Fig. 8-11. Differentiating and integrating circuits can distinguish 

between narrow and wide pulses. (a) Response of a differentiating 
circuit to pulses of different width. (b) Response of an integrating 
circuit to pulses of different width. 

1-H1 

(a) b) 

Fig. 8-12. Development of the supersync wave form. (a) De-
velopmental form of supersync. (b) Final form of the supersync 
signal which permits horizontal synchronization during the vertical 
sync interval. 

A more careful consideration of the problem, however, shows that 

if such a signal is applied to a differentiating circuit which serves to 
trigger the horizontal sweep generator, no differentiated pulses will 
occur for the entire duration of the long vertical pulse, a condition 
which results in the loss of horizontal sweep during the vertical re-

The operation of these circuits is analyzed in chap. 11. 
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trace. Even though no picture information is presented during this 
interval, it is advisable from the standpoint of horizontal sweep 
stability to keep the sweep going and in synchronism at all times. 
This we may accomplish by notching the vertical pulse so that a 
leading edge occurs at each interval of H at all times. A wave of 
this form is shown at Fig. 8-12b. When it is differentiated in the 
horizontal sweep system, each leading edge produces a sync pulse for 
the horizontal sweep generator. The narrow notches in the vertical 

sync pulse have negligible effect on the integrated output which trig-
gers the vertical sweep circuit. We shall assume, then, that in com-
bining the horizontal and vertical sync pulses, the required output is 

that shown at b in the diagram. 
One form of mixing circuit which can meet these requirements is 

shown in Fig. 8-13. The horizontal sync a and the vertical sync b 
are applied respectively to the control and screen grids of the cathode 

a 

c=a+b =-11—n-11-1  

d ---tm  

e 

f=b+e 

9 ID D DI 

h=d+g 

a 

e 

Fe—rd—ei 

imtr-

DETAIL SHOWING PHASE RELATIONSHIP 
BETWEEN .3 AND e 

Fig. 8-13. Generation of the supersync signal. Detail showing 
phase relationship between a and e. 
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follower I71. The magnitude of b is sufficient to cut off the tube. 
The effect is to remove the three horizontal pulses (the number three 
is chosen arbitrarily) which occur during the vertical sync interval. 
V7 is biased so that the notch due to b is eliminated. The resulting 
wave delivered to Vg consists of a train of negative horizontal sync 
pulses, of which three are eliminated for the duration of each vertical 
sync pulse. 
The wave shown at e consists of a train of horizontal sync pulses 

which have been delayed by an amount rd. From the detail in the 
diagram it may be seen that the trailing edges of e coincide with the 
leading edges of a. The reason for this relationship will become 
apparent as we continue, e and the vertical sync pulse b are com-
bined in the common plate load of 174 and V6 to give f. The bias 
level on tube Vg is adjusted to clip off the lower portion of the wave 
so that the only signal appearing on the grid of 17 is the notched 
vertical pulse. The signals applied to Vg and 1'7 combine to give 
the required supersync voltage h. 
We may now see the need for the delayed horizontal pulses which 

were applied to V4. Notice that the delay in e is chosen so that its 
trailing edge (which becomes a leading edge in the notched vertical 
pulse) corresponds to a leading edge in the sync pulses shown at a. 
Then in the final wave h the rising edges of successive pulses occur at 
intervals of H, the line period, thereby ensuring that horizontal sweep 
is maintained in synchronism throughout the vertical pulse duration. 
The single exception is due to the leading edge of the vertical pulse 
itself. This may cause one misfire, but the horizontal sweep will be 
in proper synchronism by the time the picture data are again pre-
sented. 
The over-all action of the supersync mixing circuit may be sum-

marized as follows. At the end of each picture or frame, three hori-
zontal sync pulses are omitted. In their place is substituted a 
notched vertical pulse, the notches occurring in such a way that each 
leading edge occurs at the proper time to initiate the horizontal 
sweep. 

8 5. The Composite Video Signal 

Assume that the picture and blanking signals have been combined, 
say, as in Fig. 8-4. We must now mix this signal with the super-
sync. It has already been indicated that the supersync shall lie in 
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the blacker-than-black region of the final signal. The mixing can 
take place in a common plate load circuit which has been described 
before and is illustrated by V3 and V7 in Fig. 8-13. Thus if the 
positive-going supersync were applied to the grid of one mixer tube, 
and a black-positive picture and blanking signal to the other, the 
combined output voltage would be the composite video signal shown 
at i in the figure. It may be seen from Fig. 8-10 that the mixing of 
the composite video signal occurs in the video amplifier chain located 
at the camera unit. One other point should be mentioned. For the 
system whose block diagram appears in Fig. 8-10, the horizontal 
master multivibrator is free-running and hence may exhibit a slow 
drift over a long interval of time. This will show up as a slow change 
in the spacing between the leading edge of the notched vertical pulse 
and the horizontal sync pulses. We have previously observed that 
this lack of tie-in between horizontal and vertical sweep in the non-
interlaced scan is not serious; in the particular circuit which has been 
the subject of study this shift in leading edges will occur only during 
the vertical blanking interval and will have little, if any, effect on the 
final picture. 

8-6. Supersync and Picture Separation 

We have seen how the several components are combined into the 
composite video signal at the pickup end of the system. This com-
posite voltage is transmitted by cable to the rtceiver unit where it 
must be analyzed into its original components, each of which must 
be channeled to the proper location. This is our next consideration. 

Inspection of the composite signal, i, in Fig. 8-13, shows that the 
supersync and picture components differ in time and in amplitude. 
It is this last fact which allows us to separate the two components. 
Thus if a sync-positive composite video signal is applied to a prop-
erly biased stage so that all of the picture components lie below cutoff, 
only the synchronizing signals will appear across the plate load; the 
supersync has been stripped from the picture. The stripped super-
sync may then be inverted and fed to differentiating and integrating 

circuits as shown in Fig. 8-14. The two outputs may then be used 
to trigger the horizontal and vertical sweep generators, respectively. 
As far as the picture channel which feeds the grid of the cathode-

ray tube is concerned, no picture stripping is required, the reason 
being that the presence of the supersync on that grid only tends to 
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Fig. 8-14. Sync stripping, and separation of the supersync into its 
horizontal and vertical components. 

drive the kinescope beyond cutoff. Since this occurs during the 
blanking interval when no light is being presented on the screen, the 
final picture is unaffected by the presence of the synchronizing 
signals. 
We have seen, therefore, how at the expense of more terminal 

equipment the number of channels required for connecting the two 
ends of the closed television system may be reduced to one. Al-
though the type III closed system which we have just described is 
interesting from an instructional point of view, the likelihood of its 
being used as a practical system is small. The reason is that in 
principle and in several details it resembles the commercial telecast-
ing equipment. It would be more feasible to adopt the commercial 
standards and make use of the standard equipment which is available 
on the market. 
Of closed television systems in general, we may say that they are 

coming to be of increasing importance. The design of such a system 
involves a choice of a set of standards which meet the requirements 
in hand, and the synthesis of the system from the several components 
which have been the subject of the first portion of our study. 
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CHAPTER 9 

SPECIAL PROBLEMS OF TELECASTING 

It is axiomatic that a single set of television standards is a basic 
requirement for a nationwide commercial telecasting system. Only 

the assurance that any receiver will be able to receive any program 
from any station within its operating range will ensure willingness on 
the part of the public to invest in a television receiver. It is fortu-
nate for the rapid development of commercial telecasting in the 
United States that industry and the Federal Communications Com-
mission alike recognized this need to overcome buyer reluctance. It 
was proposed to keep telecasting on an experimental basis until more 
or less universal agreement could be reached on a set of operating 

techniques and standards which at the same time would make avail-
able high-definition pictures and yet allow technical advances within 
that framework of techniques and standards. 

It is beyond the scope of our work to trace the technical develop-
ments which have culminated in the present commercial system. 
We shall, however, list some of the principal standards, show the 
basis for their acceptance, and explain what electrical components 

are required in the system that operates under those standards.' 
The guiding principle in establishing standards is based on the 

"lock and key" relationship between the transmitter and receiver: 
the signal radiated from a transmitting station must be susceptible 
to reception and conversion into a high-definition reproduced image 
by any receiver which conforms to the accepted standards. A sec-
ond principle is based on the preponderance of receivers over trans-
mitters, and the technical ability of the personnel which operate 
them: whenever possible, the construction and operation of the re-
ceiver will be simplified at the expense of the transmitting facilities. 
Some idea of the difficulty involved in getting industry-wide agree-

' An excellent summary of the establishment of present standards is available. 
See D. G. Fink, Television Standards and Practice. New York: McGraw-Hill 
Book Company, Inc., 1943. 
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ment on standards may be had by briefly outlining some of the ques-
tions which must be answered. To begin with, the commercial tele-
casting system must handle a picture program plus the accompanying 
sound. Shall separate transmitters by used for the aural and video 
signals, and if so what should be the separation between their carrier 
frequencies? Shall the transmitters employ frequency—or ampli-
tude—or some other form of modulation? Shall the antennas em-

ploy vertical or horizontal polarization? How shall synchronizing 
information be transmitted? What shall be the picture shape, the 
frame frequency, the line frequency? What shall be the scanning 
pattern; should an interlaced scan be employed? It is interesting to 
review briefly the means which were used to answer these questions. 

9-1. The Standardization Committees 
As early as 1929, even before means of all-electronic pickup were 

developed, the radio industry through the Radio Manufacturers' 
Association saw the need for a clearing house for standardization, 
and set up the Committee on Television to serve as that agency. In 

the intervening years the committee followed developments in the 
field and in 1935 investigated the advisability of establishing stand-
ards based on the all-electronic scanning system which had been 
developed. The following year the committee recommended to the 
Federal Communications Commission a system based on the follow-
ing standards: 441 lines, 60 fields per second using 2 to 1 interlace, 
aspect ratio 4 to 3. The picture transmitter was to employ conven-
tional double-sideband amplitude modulation. The aural trans-

mitter was to be amplitude-modulated and the two carrier signals 
were to be separated by 3.25 megacycles with a total bandwidth of 
6 megacycles allotted per station. Primarily transmission would be 

in the VHF range around 60 megacycles. 
In the late summer of 1936 the F.C.C. replied to these proposals 

by opening 6-megacycle-wide channels from 42 to 56 and from 60 to 
86 megacycles for experimental operation only. No decision was 
made on the standards which were still incomplete and were not 
essential to experimental work. It is to the credit of the broadcast-
ing companies who participated in this early work that they were 

willing to make large investments each year with no prospect of 

immediate financial return. 
In the two following years the R.M.A. committee continued work 
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on the standards and set up a recommended operating practice which 
specified horizontal antenna polarization and filled in other standards 
chiefly concerned with the transmission of synchronizing signals. 
By the end of this period it was evident that the use of single side-
band transmission of some sort would provide better utilization of 
the 6-megacycle channel width and the recommended separation 
between aural and visual carriers was raised from 3.25 to 4.5 mega-
cycles. The enlarged list of standards was recommended to the 
F.C.C. Again the standards were not made final but two types of 
operation were permitted, type I, which was unscheduled and for 
experimental work, and type II, which was for scheduled programs 
of interest to the public. Financially the burden was still on the 
broadcaster; no commercial sponsorship of programs was permitted, 
although some sponsorship funds were permitted for developmental 
work. 
By late 1940 a rift arose in the industry regarding the proposed 

R.M.A. standards. The National Broadcasting Company began 
limited commercial operation under the R.M.A. proposals, and its 
parent organization, the Radio Corporation of America, began to 
manufacture receivers for public use. The effect of the rift was the 
announcement by the F.C.C. that it would issue licenses for full-
scale commercial operation whenever the industry at large would 
agree on a single set of standards. 
The agreement was reached through the agency of the National 

Television System Committee. Drawing its membership from the 
R.M.A. and other interested organizations which were outside that 
body, the committee began to meet in July 1940. In its work it 
reviewed all the major aspects of the television system and recom-
mended a unified set of standards to the Federal Communications 
Commission. By July 1, 1941 the Commission had issued the Stand-
ards of Good Engineering Practice Concerning Television; Broadcast 
Stations, and full commercial operation of television stations was 
under way. However, after the declaration of war in 1941 the sta-
tions ceased commercial operation. 
By 1945, after cessation of hostilities, the F.C.C. issued a new set 

of rules which differed from the prewar set in three prime features; 
the allocation of channels was increased to 13 with new frequency 
assignments, the number of scanning lines was raised from 441 to 
525, and frequency modulation of the aural transmitter was specified. 
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These standards remain in effect at the time of writing with the prime 
exception that channel 1 is no longer in use. The commercial stand-
ards in the United States are a direct outcome of recommendations 
from the television industry itself. 

9-2. The Commercial Television System, Block Diagram 

With our background of closed television systems we may now 
intelligently set up the block diagram for the open system used com-
mercially. Remembering that transmission of the program material 
between transmitter and receiver is by means of radio, we first con-
sider a few of the problems involved in that portion of the system. 

During the years when the R.M.A. committee on television was 
working on standards the techniques of sharing a single carrier be-
tween two or more modulating signals were not developed. It is 
only natural then, that if sight and sound could not be placed on a 
single carrier that two separate transmitters be used, the one for the 
picture signal and the other for the accompanying sound program. 
The two carrier frequencies are to be separated by 4.5 megacycles in 
conformance with the standard mentioned above. 
At the receiving location it would be unnecessarily complex if two 

separate receivers were required, one each for the visual and aural 
programs. This complexity is circumvented by a superheterodyne 
receiver whose radio frequency and converter circuits are sufficiently 
broad-band to accept both programs. The intermediate frequency 
signals whose carriers are separated by 4.5 megacycles may then be 
separated in properly tuned IF amplifiers. In effect, the television 
receiver comprises two separate IF and low-frequency channels fed 
by a common RF and converter section, an arrangement which per-
mits tuning to picture and accompanying sound in a single operation. 
The complete block diagram of the open system is shown in Fig. 9-1. 
We stress once again that the system shown is typical; many varia-
tions are possible which permit operation under the specified stand-
ards. Several of these variations are considered in subsequent 
chapters. 

Consider the block diagram of Fig. 9-1. The aural transmitter 
is frequency-modulated to a maximum swing of ±25 kilocycles. Its 
power output shall be within one-half to one and one-half times the 
peak power output of the visual transmitter. The diagram shows 
the FM transmitter feeding a diplexer, a unit which permits the out-
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Fig. 9-1. Transmitter and receiver block diagrams for the com-
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V 
SWEEP 
AMP 

puts of video and aural transmitters to be fed into a common antenna 
system. Operation of the diplexer is discussed in Chapter 13. 
The video system in the diagram is shown separated into two parts, 

labeled "Transmitter" and "Studio." The dividing dotted line rep-
resents a physical division of equipment at the pickup end of the 
system. The equipment below the dotted line would represent, for 
example, studio facilities. The upper part represents the actual 
transmitter which is generally located at a spot favorable for trans-
mission and remote from the studio. 
The studio facilities diagram may be seen to be quite similar to 

that of the type III closed system of the last chapter. It will be 
noticed that in both systems a composite video signal which contains 
picture, blanking, and synchronization information is developed. 
The present system differs from the aforesaid type III system in that 
much more rigorous specifications are observed. The 2 to 1 inter-
laced scan is used, which requires rigid lock-in between the horizontal 
and vertical sync pulses. Furthermore, the 60-cycle field frequency 
is locked in with the power line in order to minimize scan pattern 
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hum effects which were discussed in Chapter 2. A few other features 
of the block diagram are worthy of mention; for example, notice that 
two blanking outputs are shown from the sync and blanking gener-
ator. These are the "camera blank" output and the "line blank" 
output which feed the camera and line amplifiers, respectively. The 
implication is that these two blanking voltages differ in wave form; 
actually, as may be seen from the diagrams in Chapter 11, the line 
blanking pulses are of longer duration than the camera blanking 
pulses and overlap the leading and trailing edges of the latter. The 
line-blanking voltage is mixed with the picture signal in the line 
amplifier and, after passing through the entire system, appears on 
the control grid of the final cathode-ray tube. The effect of the 
wider line-blanking pulses, then, is to ensure that the cathode-ray 
tube at the receiver is blanked out before and after the camera blank-
ing occurs. This guarantees that the camera will be delivering pic-
ture information when the CRT is unblanked. 

This policy of making the camera end work a little faster than the 
playback end is also carried over into the sync signals. In the block 
diagram the two lower outputs from the sync and blanking generator 
furnish synchronizing signals to the studio sweep generators. These 
camera synchronizing signals, labeled "H drive" and "V drive" on 
the diagram, are in each case narrower than their counterparts which 
go to make up the supersync that is transmitted to the receiver. 
Once again this ensures that the camera retrace begins and ends 
within the duration of the CRT retrace, thus the pickup system is 
always ready to deliver picture information whenever the receiver is 
able to display it. The net effect is that two sets of blanking and 
sweep standards are in effect, one for the camera tube and one for 

the CRT, the former being the more rigid. 
The line-blanking, supersync, and picture signals are combined in 

the line amplifier in the general manner described in the last chapter. 
Also shown in the diagram is a monitor whose sweep is obtained from 
the studio sweep generator. Such a monitor is termed a "driven 
monitor" because the source of its synchronizing signals is the H 
drive and V drive outputs of the sync generator. The monitor pro-
vides a constant check on the operation of the entire pickup system. 
The principal standards for the studio facilities are listed below: 

(1) A = 4 to 3. 
(2) During the active scanning intervals, the scene shall be 
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scanned from left to right and from top to bottom with con-
stant horizontal and vertical velocities. 

(3) A 2 to 1 interlaced scan pattern shall be used. 
(4) fp = 30 cycles. 
(5) ff = 60 cycles. 
(6) n = 525. 
(7) h = nf, = 15,750 cycles. 
(8) The wave form of the composite signal is similar to that shown 

at i in Fig. 8-13 and covered in detail in Chapter 11. 

It will be observed that standards 1 through 5 of the list given 
above have been discussed in Chapter 2. The choice of 525 lines is 
based on the bandwidth available and on the characteristics of the 
receiver, a subject covered in the next chapter. 
The video transmitter proper comprises a crystal oscillator whose 

output is multiplied to the proper frequency and whose power level 
is raised to the value required at the input of the modulated amplifier. 
The modulated output is fed to the diplexer through a side-band 
filter which removes a large portion of the lower side band generated 
in the process of amplitude modulation. The transmitter is the sub-
ject of Chapter 13. The principal standards which apply are listed 

below: 

(9) Operation in the VHF band shall be confined to one of the 
following channels :2 

Megacycles Megacycles 

#2. 54 to 60 #8. 180 to 186 
#3. 60 to 66 #9. 186 to 192 
#4. 66 to 72 #10. 192 to 198 
#5. 76 to 82 #11. 198 to 204 
#6. 82 to 88 #12. 204 to 210 
#7. 174 to 180 #13. 210 to 216 

(10) The visual carrier shall be located 4.5 megacycles below the 
aural carrier frequency. 

(11) The aural carrier frequency shall be located 0.25 m.c. below 
the upper frequency limit of the channel. 

(12) The visual carrier shall be amplitude modulated with both 
picture and synchronizing signals, the two signals correspond-
ing to different ranges in modulation amplitude. 

'These are the assigned channels as of December 1950. It is anticipated that 
additional channels in the VHF region extending from 475 to 890 megacycles 
will be opened for television transmission. 
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(13) A decrease in light shall cause an increase in radiated power. 
(14) The black level shall correspond to a definite carrier level, 

independent of picture content. 
(15) Pedestal level shall be transmitted at 75% ± 2.5% of the 

peak voltage amplitude of the signal. 
(16) The maximum white signal shall modulate the carrier to 

12.5% ± 2.5% of the peak voltage amplitude of the radiated 
signal. 

(17) The radiated signals shall have horizontal polarization. 

The required amplitude distribution in the composite video signal 
to meet these requirements is shown in Fig. 9-2. How the visual 
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Fig. 9-2. Distribution of amplitude in the composite video signal. 
The upper 25 per cent is reserved for the synchronizing signals. 

and aural side bands are disposed in the 6-megacycle channel allotted 
to a station is discussed in Chapter 12. 

The receiver shown in Fig. 9-1 comprises a common "front end" 
of approximately 6-megacycle bandwidth and capable of handling 
the combined visual and aural signals, followed by two independent 
IF and output chains. The upper or aural system is composed of 
the components of a conventional FM receiver which serve to demod-
ulate the FM aural carrier. The audio voltage is amplified and fed 
to a loudspeaker. 

In the video portion of the receiver, the IF signal is amplified and 
detected, the detected output being the composite video signal. The 
remainder of the system is similar to the receiver unit of the type III 
closed system previously described. The black negative composite 
video signal is fed to the control grid of the CRT where it serves to 
modulate the light output on the fluorescent screen. A sync-positive 
version of the same signal is fed to a sync stripper, which removes the 
picture information and sends the supersync to the two sweep sys-
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tems. Separation of the horizontal and vertical sync pulses is ac-
complished with the aid of differentiating and integrating circuits as 

previously described. 
In the remaining chapters of this section we investigate the reasons 

governing the choice of some of the standards which have been listed. 
We then investigate the various components of the visual portions of 
the over-all commercial telecasting system. 



CHAPTER 10 

THE OPTIMUM NUMBER OF LINES 

In the final analysis the choice of the optimum number of scanning 
lines for the commercial television system must be based on subjec-
tive tests. It is nevertheless illuminating to subject the various fac-
tors involved to an analysis which points in the right direction. An 
analysis of this sort lends to a better understanding of the whole 
system and demonstrates admirably some of the analytical methods 
that have been developed in the art. Such an analysis is the subject 
of the present chapter, and it will be shown how the optimum num-
ber of scanning lines may be determined when the bandwidth allowed 
for transmitting the picture signal is specified.' 

10-1. Some Factors Governing Resolution 

In Chapter 2 an approximate equation was derived which related 
the highest video frequency transmitted to N„ and Nh, the number 
of picture elements transmitted along a vertical and a horizontal line, 
respectively. The term "resolution" of the picture was also used as 
a measure of the figure of merit, M = NyNh. By an extension of 
this concept we may define the resolution as that characteristic of a 
picture which makes it sharp and clear as opposed to smeared and 
blurred. We must now consider some of the factors in the over-all 
television system which affect the resolution of the final picture. 

In following the line of reasoning used in Chapter 2 we see that Ny, 
a measure of the resolution in the vertical direction, is directly pro-
portional to the number of scanning lines; the larger the number of 

' The problem here is essentially that faced by the F.C.C. when it changed 
the 441-line standard to 525 in 1945. A more basic problem when standards 
for a new system are set up is this: (a) What number of lines is required to 
produce a satisfactory image when the observer is some fixed distance, say 3 to 6 
times picture height, away from the reproduced image; (b) what bandwidth is 
required to transmit the signal obtained when scanning with this number of 
lines? See, for example, E. W. Engstrom, "A Study of Television Image Char-
acteristics," Part I. Proc. IRE, 21, 12 (December 1933). 

374 
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lines, the greater will be the number of element:, which can be repro-
duced in the vertical direction. There is an upper useful limit to 
this relationship, however, which is imposed by the limited visual 
acuity of the human eye; since the eye can only resolve a finite 
amount of detail at any given viewing distance, it is wasteful to in-
crease n and N. beyond the limit which the eye can discern. This 
factor, then, places an upper limit on the number of scanning lines. 
A second factor which is related indirectly to the number of lines 

is Nh, the detail transmitted along a scanning line. Consider this 
relationship. In Chapter 5 it was shown that the variation of 
brightness over the surface of a picture could be considered as the 
summation of an infinite number of bidirectional Fourier components. 
It was also shown that the parameter k was a measure of the detail 
along a horizontal line, for k determines the number of sinusoidal 
brightness variations across the face of the picture. It follows, there-
fore, that N4 is proportional to k. 

In the same chapter we derived the relationship between the Fou-
rier components and the frequency spectrum of the electrical signal 
which results from scanning a transducer over the picture in the 
specified scan pattern. The resulting spectrum which is plotted in 
Fig. 5-7 shows that k, which determines the multiple of line fre-
quency present, is the chief factor in determining the high-frequency 
limit of the electrical signal. We might sum up these facts in the 
following manner: Nh determines k, which in turn determines the 
bandwidth of the electrical signal. If, then, the television system 
had an infinitely wide bandwidth, there would be no limitation on 
the amount of detail transmitted along a scanning line, or we may 
say that N4 is limited by the system bandwidth provided that aper-
ture distortion is eliminated. 

It would appear, then, that Nh is independent of the number of 
lines. As a practical matter this statement is incorrect as we may 
see from the approximate equation preceding (2-2) 

= 1N„Nhf, 

It follows that for a given system bandwidth, ft, is fixed so that the 
product N„Nh must be constant; hence a finite bandwidth relates 
Ny to N. and the number of scanning lines. From standard 10 of 
the last chapter it follows that the video bandwidth of the commer-
cial system cannot exceed 4.5 megacycles. Our problem, then, is to 
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choose the number of lines such that an optimum compromise be-
tween Nh and V, is reached. It should be noticed that they may be 
traded, the one for the other. 
We have previously observed that a person viewing a televised 

image naturally tends to adjust his viewing distance so that the 
coarsest detail blends into a smooth picture. It is patently wasteful 
of detail, then, to greatly increase the resolution in either direction 
over that in the other direction. Our criterion is to choose a number 
of scanning lines which, for the specified bandwidth of roughly 4.5 
megacycles, gives equal vertical and horizontal resolution. We 
must next standardize the amount of overlap between adjacent scan-
ning lines. 

10-2. Overlap, Line Structure, and Resolution 

In deriving the number of lines which gives approximately equal 

vertical and horizontal resolution it is convenient to consider the 
problem at the receiving end of the system where the video signal 
applied to the control grid of a cathode-ray tube modulates the light 
intensity on the fluorescent screen. To simplify the work we shall 
neglect the effects of aperture distortion at the pickup end which 
may be corrected electrically. 
We consider first the effect of adjacent line overlap on the repro-

duced image in the presence of a constant white video modulating 
signal. We have seen in Chapter 5 that an electron beam of circular 
cross-section scanning across a fluorescent screen leaves behind it a 
line whose intensity normal to the direction of scan varies as the cos2 
of the distance from the center, Figure 5-23. Let r be radius of the 
scanning spot and y be distance measured from the center line of the 
scanning line. Then the intensity across a scanned line is given by 

1(y) = cos' (re 90°) (10-2) 

If, now, the spot diameter is adjusted such that the edges of two 
adjacent scanned lines just touch, eq. (10-2) may be applied directly 
to give the variation of intensity vertically across the face of the 
scanned area. The resulting image produced by this condition is 
shown at a in Fig. 10-1. Inspection of the diagram shows that a 
flat or uniform field is not reproduced, and that the line structure of 
the image is very apparent. 
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Fig. 10-1. Effect of adjacent-line overlap on field flatness. A 
cosine-squared distribution of intensity across the scanned line is 
assumed. (a) Reproduced intensity across the scanning lines, ad-
jacent lines contiguous. (b) Reproduced intensity across the scan-
ning lines, overlap = 0.5 pitch. (e) Reproduced intensity across 
the scanning lines, overlap = pitch. 

This condition may be ameliorated by keeping the pitch or distance 
between adjacent scanning lines, s, constant and widening out the 
spot width. To illustrate this, Fig. 10—lb is plotted for the case 
where adjacent lines overlap by an amount which is 50 per cent of 
the pitch. The dotted curves show the intensity distribution across 
each scanning line. The solid curve is the result of summing up the 
individual curves point by point and represents the actual distribu-
tion across the reproduced image in the vertical direction. It will 
also be seen from the figure that the 50 per cent overlap case provides 
a flatter field than does the zero overlap case. The disadvantage of 
overlapping adjacent lines, however, is that with overlap a loss of 
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detail must result in the overlap region. For example, when the 
light is being modulated by a video signal, the image reproduced in 
the region of overlap will be the sum of the images of the two scan-
ning lines, and a loss of resolution results. The condition is illus-
trated in Fig. 10-2, where the picture data is indicated by cross 

}OVERLAP REGION 

Fig. 10-2. When adjacent lines are overlapped to flatten the field, 
there is a loss of detail in the overlap region. (b) also illustrates 
the loss of detail due to "pairing." 

hatches. At a where there is no overlap, the picture data along each 
line is kept separate from the adjacent ones. At b, the spot size has 
been increased to give an adjacent line overlap of one-half the pitch. 
It may be seen that where the lines overlap the data becomes con-
fused with a resulting loss in detail. Actually the 50 per cent over-
lap condition will not give as poor results as indicated in the diagram 
for as we have seen, the intensity of the scanned image decreases as 
the cos2 of the normalized distance from a line center. This means 
that in the actual case the region where the resolution decreases will 
be narrower than the overlap band.2 

In extending these ideas even farther, we see that if 100 per cent 
overlap be used, that is, if o = s, a perfectly flat field will result, as 
shown in Fig. 10-1c. The fact that the 100 per cent overlap yields a 
flat field may be verified by the well-known trigonometric relation-
ship: sin2O cos' O = 1. From the point of view of resolution, 
however, the o = s condition is entirely out of the question. 

2 Figure 10-2 also illustrates the effect of "pairing" in interlaced scanning 
systems. If the lines of successive fields do not fall midway between each other 
adjacent pairs of lines, one from each field, overlap to some extent producing a 
loss of detail in the overlapped region. This grouping of adjacent lines is known 
as pairing. 
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The last few paragraphs have shown that spot size affects the reso-
lution (a fact which we have previously observed in Chapter 5) and 
the flatness of a white field. It should be apparent, then, that in 
determining the optimum number of lines for the television system 
we must decide beforehand what overlap is to be assumed for the 
analysis and hold that value fixed. There is some difficulty involved 
in choosing a value of overlap because individual tastes differ. Some 
persons are willing to sacrifice detail to eliminate the line structure in 
the picture; others want maximum detail at all costs. As a compro-
mise between these extreme points of view, the 50 per cent overlap 
ease illustrated in Fig. 10-1b will be assumed in the remainder of the 
treatment. The results may be revised in either direction to conform 
to other choices in adjacent line overlap. 

Reference to Fig. 10-lb shows that with a constant white signal 
applied to the grid of the cathode-ray tube the field intensity in the 
vertical direction fluctuates about a mean of / = 0.751. It is con-
venient for the work which follows to define this 0.751 response as 

the 100 per cent intensity level. It is clear, then, that any value of 
/ may be converted to a per cent-intensity value by the following 

equation: 

per cent intensity — 0.751 (10-3) 

The scale corresponding to this equation is shown at the right in Fig. 

10-1b. 
We must next consider what happens when a varying, rather than 

a constant, modulating signal is applied to the control grid of the 
cathode-ray tube. If we assume that the latter is being operated in 
the linear region of its light-intensity-grid-voltage characteristic, a 
change in control grid voltage will produce a proportionate change 
in î of the scanned line. We are able then to plot the intensity varia-
tion on the fluorescent screen when the control grid voltage is changed. 

This principle is illustrated in Fig. 10-3 where we see the variation 
in intensity in the reproduced image along a vertical line c. It is 
assumed that the control grid voltage is such that a black-to-white 
transition should be reproduced as represented by the line OM. The 
effect of aperture distortion in the horizontal direction along a scanning 

line is neglected because it may be corrected by proper electrical net-
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Fig. 10-3. The reproduced light intensity along a vertical line c 
when a black-to-white transition dm is reproduced. 

works. When the beam is moving along line 1 it is blanked out at c 
by the signal voltage and the intensity on the tube face is zero as 
shown in the intensity plot in the diagram. As the spot moves along 
line 2 it straddles the black-to-white transition at c and hence the 
light intensity will be determined by a 50 per cent gray control grid 
signal. Thus for line 2 the peak value of / is one-half of the value 
which gives white, and the intensity curve for line 2 is the cos' O func-
tion modified by the factor as shown in the diagram. For the 
remaining lines the spot reproduces full white along c and the inten-
sity curves have the shape shown, which corresponds to the cosa O 
function. It is this type of intensity curve that results when an 
abrupt black-to-white boundary is scanned, which serves as the 
basis for the analysis which follows. 
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10-3. Vertical Resolutions 

We have stated earlier in the chapter that our goal is the choice of 
a number of scanning lines which in a video pass band of some 4.5 
megacycles will give approximately equal vertical and horizontal 
resolution. Clearly, if we are to compare the resolutions in both 
directions, we must have means of measuring them. One such 
measure, Art, and Nh, may be used quite conveniently when the sub-
ject matter is of the checkerboard type illustrated in Fig. 2-4. It 
has been pointed out, however, by Kell, Bedford, and Fredendall 
that such a checkerboard pattern does not provide a useful measure 
of resolution because the alternate black and white squares do not 
serve as fundamental "building blocks" from which a more complex 
image may be synthesized. A basic pattern of greater utility is of 
the unit function form and consists of an abrupt black-to-white 
boundary of the type illustrated in Fig. 10-3. Reference to that 
figure shows that the abrupt transition along the vertical line c is 
reproduced as a gradual oscillating change in light intensity, which 
spreads over approximately the width of one scanning line for the 
case illustrated. We can, therefore, take the distance, d, expressed in 
units of the pitch, required for the reproduced intensity to rise from zero 
to the 100 per cent intensity level as a measure of the vertical resolution.4 
Notice that the actual, abrupt transition is stretched out over the 
normalized distance, d, thus 1/d is a direct measure of the blur in the 
reproduced boundary and may be taken as the vertical resolution 
expressed in pitch units. The actual resolution, V, will be 

V = vertical resolution = d- (10-4) 

R. D. Kell, A. V. Bedford, and G. L. Fredendall, "A Determination of 
Optimum Number of Lines in a Television System." RCA Review, 5, 1 (July 
1940). 

It should be noticed here that the same approach is used as in the calculation 
of the transient response of an amplifier. See Chapter 7. It may be argued 
that if the scanning process can reproduce the abrupt transition in a step func-
tion, it can reproduce any less steep transition. Thus the step function is again 
taken to be the basic test signal. 
An entirely different approach to the problem may be based on the "monoline" 

resolution, where the reproduction of a narrow white bar is considered. This 
approach lends itself to ready manipulation by means of the Fourier integral or 
Laplace transform. See, for example, V. K. Zworykin and G. A. Morton, 
Television. New York: John Wiley and Sons, Inc., 1940, chap. 6. 
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It might appear, then, that in drawing Fig. 10-3 we have completed 
the determination of V, but as a practical matter this is not true for 
we considered only a particular case, where the boundary line be-
tween the black and white areas crosses the center of the scanning 
line. To be more general, we should consider a number of cases, 
each for a different transition condition, and construct an average 
rise curve whose normalized rise distance is taken as d. In Fig. 10-4 
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Fig. 10-4. Scanning a black-to-white boundary. Four vertical 
lines representing different transition conditions are chosen. The 
reproduced intensity along each vertical line is shown in Fig. 10-5. 

the boundary line is shown as well as a number of vertical lines 
labeled a through d, at each of which a different condition of transi-
tion prevails. It should be observed that c represents the same con-
dition as shown in Fig. 10-3 and that the assumed overlap value of 
50 per cent is used. 
The reproduced intensity along each of the sample vertical lines 

may then be plotted as in Fig. 10-5. Each of these curves exhibits 
a different rise distance, d, and hence corresponds to a different value 
of V. This fact, of course, ties in with our previously defined con-
cept of utilization ratio; the resolution depends upon the relative 
orientation of the subject matter and the scanning lines. 

It may be assumed that the human eye will integrate light along 
the black-to-white transition curve; hence it is valid to construct a 
mean rise curve, y, which is the average of the four rise curves shown, 
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Fig. 10-5. Curves showing the variation of light intensity along 
the four vertical lines of Fig. 10-4. The rise distance from 0 to 
100 per cent of the average curve, r, is a measure of the vertical 
resolution. (Courtesy of RCA Reriew.) 
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and we take d to be the normalized rise distance of this mean curve. 
By eq. (10-4) the vertical resolution will he the reciprocal of this 
value. 
The relationship between the actual rise distance in linear units 

and n, the number of lines, comes about because s, the interline center 
pitch, is inversely proportional to n for a given picture height or 

dh 
actual rise distance in linear units = ds = —n (10-5) 

Then as the number of lines increases, the actual rise distance de-
creases, indicating a higher value of vertical resolution. In conse-
quence, a curve of vertical resolution plotted against the number of 
lines will be a straight line. 

10-4. Horizontal Resolution 

We have seen how vertical resolution may be measured as the 

reciprocal of the distance required for the scanning system to repro-
duce a step-function transition in brightness. We now must set up a 
similar definition for the horizontal resolution of the system. In this 
case we are interested in the reproduction of a black-to-white tran-
sition along a scanning line; thus we must orient the boundary line 
so that it is normal to the lines. 

If we assume an infinitesimally narrow reproducing aperture, or an 
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aperture whose width has been compensated for, nothing in the 
scanning system proper will affect the response; rather the response 
will depend solely upon the transient response of the electrical net-
works which deliver the electrical signal to the CRT grid. Thus the 
first step in determining horizontal resolution is the evaluation of 
the transient response of the electrical portions of the system. Then, 
since the distance traveled by the scanning spot is linearly related 
to the scanning velocity, we may relate the rise time of the electrical 
system to the rise distance in the reproduced image. The horizontal 
resolution, H, may then be determined as the reciprocal of this rise 
distance. 
We immediately are faced with a problem because there is no one 

single transient response for which all television receivers are de-
signed. In fact, receivers will exhibit widely varying responses, 
depending to a large degree on their selling price. To circumvent this 
ambiguity we shall assume the five different idealized receiver charac-
teristics, which are shown in Figure 10-6 as being typical of receivers 
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Fig. 10-6. Transient response of five idealized video transmission 
systems. The rise time of each curve is related to the corresponding 
horizontal resolution. (Courtesy of RCA Reriew.) 
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extending from the low- to the high-priced class. As a matter of 
convenience each curve may be identified by a parameter in defined by 

fr m = 
fo 

where fe and fo are, respectively, the upper limit of the mid-band and 
the zero-response frequency of the corresponding steady-state gain 

(10-6) 
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characteristic. These latter characteristics are plotted in the insert 
of Fig. 10-6. In each case, a constant delay characteristic is as-
sumed.' Once the set of typical response curves has been assumed, 
the rise time of each may be measured and converted to rise distance 
on the CET screen. To carry out this last step we must calculate the 
linear velocity of the scanning beam. Thus let it be assumed that 
the horizontal blanking interval decreases the length of a scanning 
line by 15 per cent and that the vertical blanking causes a loss of 
10 per cent of the total number of lines as far as picture reproduction 
is concerned. We then have the following relationships: 

and 

I-, 0.85 0.85 

r„ 
0.85 
nf, 

= horizontal scan velocity 

= h 

and for the interline pitch 

h 
s = 

0.9n 

(10-7) 

(10-8) 

(10-9) 

Then by means of (10-8) the rise distance corresponding to any rise 
time in Fig. 10-6 may be determined as a percentage of the picture 
height, h. Similarly, the actual vertical rise distance may be ex-
pressed as a percentage of the picture height by the use of (10-9). 
To illustrate the work involved we calculate a typical point for 

n = 507 lines, fj, = 30 cycles, and m = 1. From Fig. 10-6, the 
normalized rise time from black to white is 0.6, or the rise time is 

5 Figure 10-6 demonstrates quite precisely the interrelationship that exists 
between transient response and the steady-state characteristics of a network, a 
subject which is discussed in Chapter 7. The steady-state curves shown in the 
insert are idealized in that (a) they are flat up to a frequency f,, and (b) they 
follow a sine curve in decreasing from f, to fo, the latter being 4.5 megacycles. 
With the gain idealized in this manner and with an assumed linear phase char-
acteristic, the corresponding transient response may be calculated by the Fourier 
integral. 

It is instructive to notice the relationship between steepness of cutoff and 
ring in the transient response. The "ideal" case for which m = 1 is identical 
to the "ideal" amplifier discussed in Chapter 7 and illustrated in Fig. 7-8; it 
exhibits ring and overshoot. As m decreases, that is, as the cutoff becomes less 
steep, the transient response exhibits less overshoot and a longer rise time. 
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0.6  0.6  
t - - (10-10) 

fo 4.5 X 106 

Then the actual rise distance along the cathode-ray tube screen is 

(4)  (507)(30)(0.6)  
actual rise distance = vht - h 

3 (0.85)(4.5 X 106) 

= 0.00321z (10-11) 

Similarly, from Fig. 10-5, d is 1.8, then actual rise distance 

1.8h  
actual rise distance = 1.8s - 0.9(507) - 0.0039h ( 10-12) 

These two distances may be identified in Fig. 10-7 as the horizontal 
(nr = 1) and vertical rise distances, respectively. It follows of course 
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Fig. 10-7. When the scanning velocity is known, the rise times of 
Fig. 10-6 may be converted to rise distance along the screen, expressed 
as a percentage of the picture height. Curves are for n = 507 lines. 
(Courtesy of RCA Review.) 

009 

that similar curves could be plotted for different values of n so that a 
direct comparison of the horizontal and vertical rise distance or blur 
could be made.' The data from several such curves are summarized 
in Fig. 10-8. Notice that the curves of horizontal resolution which 
are given by the reciprocal of eq. (10-11) are of the inverse type as 
would he expected from the equation 

horizontal resolution = H  (10-13) 

6 For additional curves see R. D. Kell, A. V. Bedford, and G. L. Fredendall, 
op. cit. 
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In Fig. 10-8 the quantities V and H are, respectively the reciprocals 
of actual vertical and horizontal rise distances expressed in arbitrary 
units rather than as a fixed percentage of picture height. As such, 
they are each a direct measure of the resolution in the appropriate 
direction. 

Let us now examine the V and H curves of Fig. 10-8 with the view 
of picking that value of n which will give substantially equal values of 
vertical and horizontal resolution. Clearly from the curves no such 
single choice can be made because the receiver response enters in. 
For example, for the "best" receiver for which m = 1, the condition 
of equal V and H is provided by an n slightly in excess of 500 lines. 
Similarly for the m = 0.67 receiver n should be just under 450, and 
for m = 0, n should be roughly 330. 
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10-5. Over-all Resolution 

In general, all types of receivers will be in use and on the V and H 
data alone we cannot make the optimum choice for n. To resolve the 
difficulty we seek some other quantity, which may give additional 
information that is independent of the receiver response. Kell, Bed-
ford, and Fredendall have recommended a factor "which is indicative 
of the over-all picture quality," and which is related to V and H in 
the following manner: Since V is the vertical resolution, 1/V is the 
vertical blur or rise distance for the black-to-white transition, and 
similarly 1/H is the horizontal blur. Regarding these two blurs as 
vector quantities at right angles to each other, the magnitude of the 
resultant blur, B, will be 

B = \ /( 1 ± ( 1)2 
(10-14) 

Since blur and resolution are reciprocally related, we may take 1/B 
to be the resultant over-all resolution or the picture quality, Q. 

1  1  
Q — —   

B ± (3 )2 

(10-15) 

The justification for treating the component blurs as vectors is that 
the results are in good agreement with those of subjective tests. 
With the over-all resolution, Q, defined, it may be plotted against 

n for the various receiver types as shown by the dashed curves in 
Fig. 10-8. Inspection of these curves shows that a value of n 
slightly in excess of 500 gives equal values of I and H as well as 
maximum quality for the best type of receiver (m -- 1). For the 
poorer receivers the vertical resolution will be higher than the hori-
zontal resolution. We shall assume, then, that subject to all our 
assumptions, such as cos2 O light distribution across a scanned line, 
30-cycle picture frequency, corrected aperture effects, and 50 per cent 
adjacent line overlap, the optimum number of lines is in the vicinity 
of 500, a value which gives essentially equal V and H and good over-all 
quality for a good receiver. The precise value of n is affected by 
certain other considerations which are taken up in the next section. 
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10-6. Circuit Factors 

Once the general order of the number of scanning lines has been 
determined from the consideration of resolution, we must look to the 
requirements of the over-all system to aid in choosing the actual 
value. In the last chapter it was specified that the 2 to 1 interlaced 
scan pattern is standard; hence n must be an odd number .7 It was also 
specified that a rigid lock-in between the line and frame frequencies is 
required. In the next chapter we shall see that this tie-in of the two 
frequencies is provided by an electronic frequency-dividing circuit 
which gives most satisfactory operation when the frequency division 
ratio consists of a small number of integral factors. From our 
previous work we know that the line and frame frequencies are 
related by the factor n for 

nip 

Thus n is the required division ratio of the counting circuit. The 
two requirements on n, that it shall be odd and consist of a small 
number of integral factors, are satisfied by the following numbers 
which lie in the general vicinity of 500:8 

factors 

441 7 X 7 X 3 X 3 
495 11 X 5 X 3 X 3 
507 13 X13X 3 
525 7 X 5 X 5 X 3 
567 7 X3 X 3 X3 X3 

Of these several values 525 has been adopted as the standard number 
of lines for the commercial television system. 
One final point should be mentioned. The choice of 525 lines for 

commercial practice is based, as we have seen, on a maximum video 
bandwidth of 4 to 4.5 megacycles. Some attention has been directed 
to the practice in several European countries of using a number of 
lines in excess of 800. It can be seen immediately from our work in 
the preceding sections that such a value with a 4.5-megacycle band-
width would give a vertical resolution far in excess of the horizontal 
value. The European practice circumvents this shortcoming by 

7 Cf. Section 3-8. 
8 D. G. Fink, Television Standards and Practice. New York: McGraw-Hill 

Book Company, Inc., 1943, p. 229. 
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using a wider bandwidth, and the resulting broad-band high-resolu-
tion system is intended for large-screen theater reception rather than 
private reception in the home. The consensus in the United States 
is that 525-line 4.5-megacycle bandwidth standards provide adequate 
pictures on the screen sizes used in home-type receivers and provide 
room for improved picture quality resulting from technical advances 
under those standards. 

10-7. Test Pattern and Resolution 

The accepted practice in telecasting stations calls for the trans-
mission of test pattern for a period of at least 15 minutes prior to the 
transmission of regular program material. The test patterns shown 
in Fig. 10-9 and 10-10 serve to identify the transmitting station by 
means of call letters, channel number, and other insignia, and are 
designed to enable the operator of a television receiver to adjust his 
set for optimum reception of the transmitted signal. Our chief con-

Fig. 10 9. A typical s!ation tus xit tern. ((.:ourtesy 01 Columbia 
Broadcasting System.) 

umbia 
roadcasting 

System 



(a) 

(ID) 
Fig. 10-10. Anot her form of test pattern. (a) As viewed on a 

receiver. (Courtesy of American Broadcasting Company.) (b) Out-
hue of the pattern showing the calibration points used in determining 
resolution and receiver bandwidth. 

391 



392 THE COMMERCIAL TELECASTING SYSTEM 

cern at the moment is to see how the test pattern may be used to check 
the resolution of a television system. Since the pattern affords 
several other checks on system performance, we shall discuss them 
also for the sake of completeness. 

Reference to the two figures shows that the pattern has two large 
concentric circles, the outer one white, the inner one black. The 
circles have diameters in the ratio of 4 to 3 and hence are proportional 
to the standard picture aspect ratio. Thus the proper picture height 
is obtained by adjusting the vertical sweep gain until the top and 
bottom of the black ring just touch the top and bottom of the mask 
surrounding the face of the cathode-ray tube. In a similar fashion 
the horizontal sweep gain is set to have the edges of the outer ring 
touch the vertical edges of the mask. This procedure ensures that 
the receiver sweep will give the proper aspect ratio. Furthermore 
since the shape of the circles and the wedges are known, they also 
serve as a check on the linearity of the receiver sweep circuits. For 
example, in Fig. 10-10a the circles appear as ellipses, indicating that 
the vertical sweep is not linear. Screwdriver adjustments can be 
made on the receiver linearity controls to remedy the situation. 
The test patterns also provide a means of properly setting the 

receiver contrast control. This is done with the help of the five 
concentric rings which range in shade from white to black in four 
equal increments. The contrast control should be adjusted until the 

apparent difference in brightness between any two of the adjacent 
rings is constant. 

Since the focus control provides a means of setting the resolution 
of the reproducing system, it should be adjusted so that the black and 
white lines which make up the four horizontal and vertical wedges can 
be distinguished as near to the center of the pattern as possible. 
Under this condition the resolution is maximum, as will be explained 
in the paragraphs which follow. 
The four wedges are drawn in such a way that the vertical and 

horizontal resolution may be reckoned directly in terms of the number 
of elements transmitted along a vertical line, N„,9 or in terms of the 
number of effective lines with which the whole system is operating. 
In order to see this we first consider the two identical horizontal 
wedges which are located on either side of the bull's-eye in Fig. 10-10. 
Inspection of the diagram shows that each wedge is formed of 16 

9 See chap. 2. 
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black and 15 white bars arranged alternately; thus along any vertical 
line across these wedges, the bars represent 31 picture elements. 
Furthermore, since the wedges are tapered toward the center of the 
pattern, the 31 picture elements are crowded into a smaller and 
smaller space as the center of the pattern is approached. It is this 
property of the wedges which permits their use as a check on the 
system resolution. The height of the wedges where they intersect 
the large black circle (kw in Fig. 10-10b) is 1/4.84 times the picture 
height, h. Since there are 31 picture elements in the distance 1115o, 
the total number of elements along a vertical line of length h drawn 
through the intersections of the wedges and the black circle is 

Nv = 31 —Liz = 31(4.84) = 150 elements (10-16) 
ni50 

Hence, if the television system can just resolve the outer edges of the 
wedges, it is capable of displaying 150 picture elements along a 
vertical line, or we can say that it is effectively operating with 150 
lines, even though the actual number of scanning lines is 525. 
At the point where the wedges intersect the white ring of the bull's-

eye, the 31 elements occupy a vertical distance which is one-half hmo; 
hence if the system can just resolve the wedges where they intersect 
the white ring, it is handling N„ elements along a vertical line given by 

h150 
= 150 —L = 150(2) = 300 elements (10-17) 

or the effective system resolution is 300 lines. 
It may be inferred from these data that the maximum vertical 

resolution is determined by that point along a horizontal wedge at 
which the black and white bars can just be distinguished from each 
other. Since the wedges taper at a uniform rate, the resolution is 
proportional to location of that point along the wedge. To aid in 
interpreting the results white dots are placed above and below the 
wedges at the 200 and 250 line points. 
With this information in hand we may estimate the vertical reso-

lution of the receiver pattern shown at a in Fig. 10-10. Along the 
right-hand wedge the black and white bars are clearly discernible to a 
point approximately midway between the 200 and 250 line calibration 
dots; hence the vertical resolution is about 225 lines. 

Horizontal resolution may be determined in exactly the same 
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manner from the two vertical wedges which are identical to their 
horizontal counterparts, except for their orientation and the fact that 
they do not extend as far in toward the center of the bull's eye. 
Once again, resolution is expressed in terms of an equivalent number 
of scanning lines, or Ny, and the upper and lower pairs of dots on 
either side of the upper vertical wedge correspond to resolutions of 
200 and 250 lines, respectively. 
We have seen in our previous work that horizontal resolution is 

related to the receiver transient response which, in turn, is related 
to the receiver bandwidth; hence the resolution wedges may also be 
used to determine the effective receiver bandwidth. If N, is the 
effective number of lines, then for a picture of aspect ratio 4 to 3, 
the number of elements along a horizontal line will be 

4 
Nh = 3- Ni, 

Then, using the methods of Chapter 2, we assume the frequency of 
the signal required to produce these elements to be 

1 Nh (10-18) 
f = 2 (r.)h 

but in the commercial standards, (7.)h = 53.3 ¿ sec; therefore 

1  - /\ 4  Nv  2 3) (53.3)10-6 - 0.0125 X 106Nv (10-19) 

With this equation the effective bandwidth of the receiver may be 
determined from either vertical wedge. In the actual pattern four 
calibration points are provided along the lower wedge so that the 
bandwidth may be read directly. Reading, downward these dots 
correspond to bandwidths of 3.5, 3, 2.5, and 2 megacycles, respec-
tively. Then, reading from Fig. 10-10a, we see that the receiver 

illustrated has an effective bandwidth of approximately 3 megacycles. 
This value may be verified by eq. (10-19). 

It must be stressed that all stations do not use the same details in 
the test pattern chart (Fig. 10-9). The effective number of lines and 
bandwidth may be calculated for each of them in the same manner 

that has been illustrated in this chapter. 



CHAPTER 11 

SYNCHRONIZATION 

Frequent reference has been made in the preceding chapters to the 
use, shape, and generation of the synchronizing signals which serve to 
lock-in the vertical and horizontal sweep at both ends of the television 
system. In commercial telecasting practice, where picture quality is 
at a premium, the requirements for timing, duration, and shape of 
these synchronizing pulses are much more rigid than in any of the 
previously described closed systems. In the present chapter we shall 
investigate these requirements, synthesize the composite synchro-
nizing signal which meets them, and consider the several circuits 
required to generate that signal. 

11-1. Synchronization Requirements 

In brief, the synchronizing signal must meet the following primary 
conditions: 

(1) It must provide positive synchronization of the sweep circuits. 
(2) The horizontal and vertical components of the composite signal 

must be susceptible to separation by simple electrical circuits. 
(3) The signal must be of such a form that it may be combined with 

the picture and blanking signals to modulate a common carrier at 
the transmitter. 

Additional requirements demanded by the sweep circuits and by 
the need for stability of sweep are: 

(4) The synchronizing pulses must occur at the end of a sweep in 
order to initiate flyback. 

(5) There shall be a rigid lock-in between the horizontal and 
vertical sync components to reduce pairing in the interlaced scan 
pattern. 

(6) Provision shall be made to maintain horizontal synchronization 
at all times, even during the vertical synchronizing interval. 

It will be observed that several of the above requirements are met 
395 
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by the synchronizing signals used in the Type III closed system of 
Chapter 8. We shall, therefore, be able to draw on the material of 
that chapter. 

11-2. Amplitude Components of the Composite Signal 

The third requirement listed above demands that the sync, picture, 
and blanking signals be combined into a single composite video signal, 
which may be used to amplitude-modulate the carrier of the video 
transmitter. Under the current set of standards these components 
in the combined signal are kept apart by amplitude separation. Thus 
of the 100 per cent peak-to-peak value of the combined signal, the 
upper 25% ± 2.5% is reserved for the blanking signals. The re-
maining 75 per cent are available for the picture signal proper. 
Black or blanking corresponds to the dividing line between sync and 
picture components. This distribution of the amplitude components 
is illustrated in Fig. 9-2. Since the signal must remain a single-
valued function, the sync and picture components must be separated 
in time as well as in amplitude. Such a separation is quite feasible 
since a sync pulse occurs at the end of a trace when the picture is 
blanked out, a condition also illustrated in Fig. 9-2. The amplitude 
and time location of the synchronizing pulses may be designated as 
follows: They lie in the "blacker than black" amplitude region' and 
occur during the blanking intervals at the end of each line and each 
field when no picture signal is being transmitted. 

11-3. Wave-form Components of the Composite Sync Signal 

We have already seen in Chapter 9 that differentiating and inte-
grating circuits are capable of distinguishing between wide and narrow 
pulses; thus the second primary requirement may be satisfied by 
pulses of this type. From the relationship between the line and field 
frequencies of the interlaced scan it follows that V, the field period, 
is n/2 times as long as H, the line period. It is only natural, then, 
that the longer pulse's be used for synchronizing the vertical sweep, 
and the narrow ones, the horizontal. 
We next consider in more detail the action of the circuits which 

may be used to distinguish between the wide and narrow pulses. 

See Section 8-3. 
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11-4. Differentiating Circuit2 

Let a voltage e of any wave shape be applied to a condenser, then 

q = Ce,, (11-1) 

and . _ ch _ de, (11-2) 
dt dt 

that is, the current flowing through the condenser is proportional to 
the time derivative of the voltage across the condenser. If now a 
small resistor be placed in series with the condenser—small enough 
so that for every frequency component in the signal the resistance is 
negligibly small with respect to the reactance of the condenser— 
then to a good approximation the applied and condenser voltages are 
equal, or 

ec e (11-3) 

and the drop across the resistor will be 

de 
eR iR RC t—  (11-4) 

d 

Notice that the requirement R < G X, implies a small resistance and 
a small capacitance. Therefore, in a series R-C circuit of short time 
constant, the voltage across the resistor is proportional to the time 
derivative of the applied voltage. Such a circuit is termed a "differ-
entiating circuit" and is illustrated in Fig. 11-1u.3 If a square wave 

e 

i
eRm,ac c-f-' WHEN R«Xc 
AT EACH FREQUENCY 
COMPONENT OF THE 
APPLIED SIGNAL 

(a) 

- -1-

Fig. 11-1. The differentiating cireuit. (a) l'ircuit. (b) Idealized 
wave forms. 

2 J. G. Clarke, "Differentiating and Integrating Circuits." Electronics, 17, 11 
(November 1944). 

3 A series circuit of inductance and resistance may also be used for differen-
tiating. A short time constant, L/R, is required and the differentiated voltage 
appears across the inductor. The circuit finds little use in television applica-
tions because of the resistance associated with the inductor and because neither 
element can block a d-c component of applied voltage. 
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is applied at the input terminals of the network, eq. (11-4) indicates 
that the output will have the shape shown at b in the diagram. At 
each leading edge the slope of the input wave, de/dt, is high and causes 
a pulse of considerable height and of zero width extending in the 
positive direction. At each trailing edge a similar pip is produced, 
but in the negative direction. 
The idealized wave form of Fig. 11—lb cannot be realized in a 

practical circuit, first, because it is impossible to produce a square 
wave with zero rise time and, second, because the restriction on the 
relative values of R and X,, cannot be met for the higher order fre-
quency components of the square wave. For television applications, 
then, where a square pulse is used for synchronizing, it is convenient 
to consider the differentiating network in another light. We may 
apply the concepts of Chapter 4, where we discussed the charge and 
discharge of an R-C network with a pulse of finite duration, r, applied. 
Thus if the square pulse of width r be applied to the network, the 
output will be given by the equation 

eR = EE-e/RC, O < I< T (11-5) 

for the leading edge, and by 

CR = t > r (11-6) 

for the trailing edge. In both of the last two equations E is the peak 
value of the applied square wave. If, now, RC be made small with 
respect to r, say RC = r/25, the output pips will be of short duration. 
This condition is illustrated by the curves of Fig. 11-2. The actual 
shape of the output wave may be plotted by evaluating eqs. (11-5) 
and (11-6). Comparison of the idealized and actual wave forms 
shows that in the latter case the pip height is constrained to the value 
E and the duration is lengthened from zero to approximately 51iC 
seconds. 
From the point of view of the synchronizing circuits, the important 

feature of the differentiating circuit is that each leading edge of the 
applied square pulse produces a positive pip, and each trailing edge a 
negative one. These conditions prevail even though the applied 
pulse is wider than that illustrated in Fig. 11-2a. The wave forms 
of Fig. 11-2a are still idealized inasmuch as physical square waves 
always have a finite rise and decay time, as shown at b in the diagram. 
Analysis of the differentiating circuit with such a non-ideal wave 
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Fig. 11-2. (a) Wave form obtained from a differentiating circuit 
when an ideal (zero rise time) square wave is applied. (b) Differenti-
ated output of a non-ideal square wave. 

applied shows that during the linear rise interval, the output voltage 
builds up exponentially, resulting in a rounded leading edge of the 
differentiated output. The wave form shown in the figure assumes 
that the circuit time constant is -2.13- times the duration of the fiat 
portion of the square wave, r,, and that the ratio of rise time to T. 
is An even sharper output pulse may be obtained if a shorter 
time constant relative to the pulse width is used, but at the same 
time the amplitude of each pip is reduced. It may be observed that 
the net effect is the same as that previously described: each leading 
edge of the square wave produces a positive pip of short duration, 
which may be used for synchronizing purposes. 

11-5. Integrating Circuit 
Let a current i of any shape be passed through a condenser of 

capacitance C. Then 

and 

q = Ce, = Ji dt 

e, = f i dt 

(11-7) 

(11-8) 
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Equation (11-8) indicates that the voltage across a condenser is 
proportional to the time integral of the current flowing through the 
condenser; hence if we can make this current proportional to e, an 
applied voltage, the condenser voltage will be proportional to the 
integral of e. Let a large resistor, R, be placed in series with C and 
let e be applied across the combination. Then for those components 
of the signal for which 

we obtain (11-10) 

and e, f e dt (11-11) 

Such an R-C circuit, whose output voltage is derived from the con-
denser, is termed an "integrating circuit" and is illustrated in Fig. 
11-3a. Notice that the inequality (11-9) implies the use of a large 

R > > Xe (11-9) 

. e 

Ieced eedt,WHERE R»Xc FOR ALL FRE-
QUENCY COMPONENTS OF e 

(a) 

o e _ru-L e o 

o 0.._/\/\ 
( b ) (c) 

Fig. 11-3. The integrating circuit. (a) Circuit. (b) Idealized 
wave form with a positive square wave applied. (e) Idealized wave 
form with alternating square wave applied. 

resistor and a large capacitance to which the reactance is inversely 
related. Thus the time constant, RC, of the circuit must be large in 
comparison to the width of the applied square pulse.' 
Once again, when a square wave is applied to the input terminals 

of a practical network, the inequality (11-9) cannot be satisfied for all 
the frequency components present and it becomes more convenient 
to consider the circuit on a charge and discharge basis. Thus, by 
eq. (4-1), the condenser voltage for the duration of the applied square 
pulse is 

e, = E(1 — e-ii"), I< r (11-12) 

A series circuit of L and R may also be used. A long time constant is re-
quired and the output voltage is developed across the resistor. 
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where E is the magnitude of the applied pulse. At t = r, e, will have 
some value E, depending upon the ratio of r to RC, and for the inter-
pulse period the output voltage will be by equation (4-3) 

e, E,f-ttRc, t > r (11-13) 

The response of the network to pulses of different widths may now 
be illustrated. The pulse widths shown in Fig. 11-4 are chosen 

rn= 0.25 RC 

e 

o 

14-7w= RC 

•1,25RC 1E -•--2.5 RC-1 

  _L   

ec 0.22E 

0.632E 

Fig. 11-4. Actual response of the integrating circuit to square 
pulses of different widths. 

arbitrarily to be r, = 0.25RC and r,„ = RC. Then for the narrow 

pulse the output rises to 

= E(1 — — 0'25) = 0.22E (11-14) 

During the first interpulse interval of duration 1.25RC the condenser 

discharges to 

ecii.25Rc = 0.22E€ -1.25RC = 0.22E(0.286) = 0.063E (11-15) 

a value which is assumed to be negligible in the diagram. Upon 
application of the wide pulse the condenser charges from zero to 

ec]„„ = E(1 — c1) = 0.632E (11-16) 

and thereafter the voltage drops exponentially to zero. In the di-
agram the terminal point is for a discharge interval of 2.5RC seconds 
and the corresponding voltage is 

ec12.5RC = 0.632Ee -2.5 = 0.632E(0.082) = 0.0518E (11-17) 

which again may be assumed negligible. 

The curves of Fig. 11-4 show that the peak value of the output 
voltage of the integrating circuit is dependent upon, but not neces-
sarily directly proportional to, the width of the applied square pulse. 
This fact shows how the second basic requirement on the synchro-
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nization system is met. The vertical synchronizing information may 
be separated from a mixture in time of horizontal and vertical pulses 
by use of an integrating circuit and a biased sweep generator. This 
is illustrated in Fig. 11-5, where the integrated output voltage is used 
to overcome the cutoff bias on the vertical-sweep generator. The 
narrow horizontal sync pulses produce an output of insufficient ampli-

VOLTAGE REQUIRED FOR 
TUBE TO CONDUCT 

t+ 

VERT. SWEEP GEN. 

Fig. 11-5. The integrating circui allows the vertical sync informa-
tion to he separated from the composite sync signal. 

tude to fire the discharge tube. The longer vertical pulse produces 
an output pip which can drive the tube above cutoff, thereby initi-
ating the condenser discharge or flyback portion of the vertical-sweep 
cycle. We see, then, that the square pulses of different widths are 
susceptible to separation by electrical networks. We next consider 
how these pulses must be disposed in time in order to provide proper 
synchronization of both the horizontal- and vertical-sweep systems. 

DEVELOPMENT OF THE COMPOSITE 
SYNC SIGNAL 

We have seen that square pulses lying in the blacker-than-black 
region of the composite video signal are used for synchronizing pur-
poses. We now consider the time distribution and width of the 
horizontal and vertical pulses. 

11-6. Horizontal Sync Pulse 

The period H of the commercial system is extremely short. 

1 1  1  
H — — — — 63.5 psec (11-18) 

nf, (5.25 X 102)(3 X 10') 



§1 1 —7] SYNCHRONIZATION 403 

In this short time interval the entire horizontal sweep cycle of scan 
and flyback must take place. The various sweep generators which 
we have discussed are synchronized by causing the sweep-generating 
condenser to discharge; consequently the horizontal sync pulse, which 
initiates this action, must occur during the H interval at the end of the 
sweep part cycle. Of the total interval approximately 8 per cent is 

14--- H  1.0-0.08 H 

52j1 523 525 

H = 63.5 //SEC. 

Fig. 11-6. Timing and width of the horizontal sync pulses. 

reserved for the horizontal synchronizing pulse. Specifications for 
the shape and duration of the horizontal sync pulses are shown at E 
in Fig. 11-11. In order that a stable horizontal sweep be maintained, 
the leading edges of adjacent horizontal sync pulses must occur at 
intervals of H. The train of horizontal pulses required to meet these 
specifications is illustrated in Fig. 11-6.5 

11-7. Vertical Sync Pulses 

In comparison to II the vertical or field interval, V, of the com-
mercial system is relatively long for 

1 1 1  
V — — — 2(30) — 16.67 millisec (11-19) ff 2f„  

Of this interval the amount allowed for the vertical synchronizing 
pulse is approximately 3H or 

3H = 3 (2) V = 0.0114V (11-20) 

Since these pulses serve to initiate the vertical retrace, they must 
occur at the end of each field and the leading edges of adjacent pulses 
must be separated by intervals of V. The train of vertical sync 

5 It should be realized that forms of synchronizing pulses other than the square 
wave could be used successfully in a television system. An excellent sum-
mary of certain alternate proposals made to the N.T.S.C. may be found in 
D. G. Fink, Television Standards and Practice. New York: McGraw-Hill Book 
Company, Inc., 1943. In the present chapter the discussion is limited to the 
synchronizing wave forms which have been standardized in the United States of 
America. 
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1-* V OIV 

EVEN 00011 EVENI 

V=16.67 MILLISEC. 

Fig. 11-7. Timing and width of the vertical sync pulses. 

pulses is shown in Fig. 11-7. It should be noted that the time scale 
is not the same as that used for the horizontal pulses in Fig. 11-6. 

11-8. Interlace Requirements 

Having set up the requirements on the two types of synchronizing 
pulses, we must now determine how they are spaced relative to each 
other, that is, we must, in effect, combine the pulses shown in the last 
two figures onto a common time scale and adjust their lateral displace-
ment so that they will properly produce the 2 to 1 interlaced scan. 
The basis for this lateral adjustment is that the first field must end 

(a) 

(b) 

HORIZONTAL SYNC PULSES 
1518 1520 1522 1524 11 3 15 IT 19 

4 3H [4-H BLACK 

WHITE-..  

1519 1521 1523 1525 12 14 16 18 110 

1518 1520 1522 1524 11 13 15 17 19 

(c); 1/4 AA 

(d) 

1519 1521 

IAA 

BLACK -

WHITE -  

1523 1525 12 i4 6 18 110 

1519 1521 1523 1525 12 14 

(f) A )1\ A 
16 18 

Fig. 11-8. Development of the composite sync signal. (a) End 
of an even field. (b) End of an odd field. (e) End of an even field. 
The vertical pulse is serrated to provide a rising wave front at inter-
vals of H. (d) Same as (c), but for the odd field. (e) End of an even 
field. Serrations at twice the line frequency make all vertical pulses 
identical (f) Same as (e), but for the odd field. 
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in the middle of a horizontal line interval. To aid in identifying the 
various pulses in the discussion which follows it is convenient to 
assign a number to each of them. The basis for the numbering 
system has been established in Fig. 3-24. We number the lines in 
order from 1 to 525, proceeding from top to bottom of the complete 
raster. The horizontal pulse which terminates a line will have the 
same number as that line. 
We shall arbitrarily assume that the vertical sync pulse which 

terminates the first field occurs in the middle of the 525th line. The 
vertical sync pulse which terminates the second field will therefore 
occur at the end of line number 524. The first field will consist of 
odd-numbered lines only and may be termed the "odd field." Simi-
larly, the second field contains all the even-numbered lines plus the 
second half of the 525th line and may be termed the "even field." 
Referring to Fig. 11-6 and 11-7 we see that an "odd" vertical pulse 
must begin at the end of line 524. These phase relationships between 
horizontal and vertical sync pulses are illustrated at a and b in 
Fig. 11-8. Notice that the pulses are drawn so that the leading 
edges of the odd and even vertical pulses lie along a common vertical 
line in the diagram. 

11-9. Serration 
It may be seen directly from the figure that if the waves shown are 

differentiated, no positive synchronizing pips will occur at intervals 
of H for the duration of the vertical pulses; hence horizontal synchro-
nization is lost during the width of the vertical pulse, a condition 
which contradicts the sixth requirement listed at the beginning of the 
chapter. To overcome this difficulty we introduce notches, or ser-
rations, into the vertical pulses as shown at c and d in Fig. 11-8, each 
notch being placed so that a leading or rising edge occurs at the end 
of each H interval. Then, when the wave is differentiated, a positive 
pip occurs at each leading edge and proper synchronization is pro-
vided for lines 1 and 3 at c and for lines 525, 2, and 4 at d, and the 
specified condition is satisfied. 

Notice that the even vertical pulse is notched only twice, whereas 
the odd vertical pulse has three serrations: the serration requirements 
are different for successive vertical sync pulses. This situation pro-
duces a rather severe requirement upon the sync generator that must 
develop these waves. From the point of view of the circuitry in-
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volved it would be desirable to have all the vertical pulses identical, 
whether they terminate an odd or an even field. It is more or less 
apparent that if each vertical pulse be serrated five times with a 
leading edge occurring at every interval of 11/2, all the vertical pulses 
will be identical and will appear as shown at e and f in Fig. 11-8. 
We must now determine whether the additional notches will upset 
the horizontal synchronization. 

In Chapter 4 we saw that it is desirable to drive a sweep generator 
from a synchronized impulse oscillator of some form in order to 
protect the kinescope screen. Then, if the synchronizing signals are 
lost for any reason, the sweep will continue at the frequency of the 
free-running oscillator. Consider the action of such an oscillator in 
the presence of the wave shown at e. A blocking oscillator is as-
sumed and it is forced to operate at line frequency by the differ-
entiated output of that wave. The various wave forms involved are 
shown in Fig. 11-9. Observe that as the result of differentiation a 

(c) 
Fig. 11-9. With proper adjustment the pips occurring at the 

center of a line have insufficient amplitude to fire the blocking oscil-
lator. (a) Composite sync at the end of an even field. Equalizing 
pulses are not shown. (b) Differentiated composite sync. (c) Com-
bined blocking oscillator grid voltage and differentiated pips. 

positive pip occurs at each rising edge of the original wave. The 
grid voltage of the blocking oscillator consists of an exponential 
component rising toward cutoff, on which are superimposed the 
differentiated pips. With proper adjustment of the grid voltage the 
"in-between" pips have insufficient amplitude to fire the oscillator, 
and synchronization occurs only at the proper H intervals. A similar 
argument also obtains for the odd field. It is, therefore, quite feasible 

CUTOFF 
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to serrate the vertical pulses at twice the line frequency to ease the 
requirements on the sync generator circuits. Protection against mis-
fire caused by the H/2 interval pips is afforded by the exponential 
characteristic of the oscillator grid voltage. 
Having justified the need for the serrations in the vertical pulse, 

we now find it convenient to change our notation slightly: We shall 
now refer to each pulse between serrations as a vertical sync pulse, 
a nomenclature which has found more or less universal acceptance. 
On this basis vertical synchronization is provided by six vertical 
pulses which occur at the end of each field. In effect, we replace one 
long serrated pulse by a train of six narrower pulses, which occupy 
the same interval. The dimensions of the newly defined vertical 
sync pulses are shown at d in Fig. 11-11. 

11-10. Equalization of Vertical Fields 

Although the problem of maintaining horizontal synchronization 
during the vertical sync intervals has been solved by replacing a single 
wide pulse at field frequency by a train of six narrow pulses at twice 

L_ 
OSCILLATOR 

- FIRE LEVEL 

^ 

SYNC ERROR -.I re-
' 

-- FIRE LEVEL 

(b) 

Fig. 11-10. Unequal integrated voltages at the end of successive 
fields may cause a shift in the point of synchronization. (a) Inte-
grated voltage for the even field. (b) Integrated voltage for the odd 
field. 
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the line frequency, we are still faced with a difficulty in regard to 
vertical synchronization. From Fig. 11-8e and f we see that in the 
even field the vertical sync train lags horizontal pulse 522 by an 
interval H, whereas in the odd field the interval is only H/2. When 
these voltages are applied to the integrating circuit, the integrating 
condenser has twice as long to discharge the effects of horizontal pulse 
522 in the even field as in the case of pulse 523 in the odd field. Thus 
the voltage on the integrating condenser is not the same at the end 
of the odd and even fields, and a slight shift in the vertical synchro-
nizing point may occur and cause pairing of the fields in the raster. 
This condition is illustrated in Fig. 11-10. The solution to this 
difficulty is to make the synchronizing pulses identical for a period of, 
say, 3H before the start of each vertical pulse train. Then the 
integrating condenser will always have the same initial voltage at the 
start of the vertical sync interval of either field. Several methods of 
equalizing the pre-vertical pulse condition suggest themselves, the 
most obvious being the one which eliminates all pulses for an interval 
3H at the end of each field. This is a poor solution because we would 
lose horizontal sync. One practicable solution is to insert a series of 
"equalizing pulses" in the pre-vertical sync interval as shown at a 
and b in Fig. 11-11. These equalizing pulses occur at twice the line 
frequency and affect the horizontal sweep system in the same manner 
as do the vertical sync pulses. Their width is one-half that of a 
horizontal synchronizing pulse, which ensures that the energy sup--
plied to the integrating circuit per line interval remains constant, a 
fact which may be verified from the following considerations: The 
energy supplied by each square voltage pulse is proportional to the 
square of the area under the pulse. Thus the energy supplied during 
line 518 is proportional to the square of the area under a horizontal 
pulse. In line 520 it is proportional to the square of the area under 
two equalizing pulses. Then, since each equalizing pulse is of half 
the area of a horizontal pulse, the total areas in lines 518 and 520 are 
equal and so is the energy supplied. 
We may summarize the effect of the six equalizing pulses preceding 

each vertical pulse train as follows: They equalize the voltage on the 
integrating condenser at the end of each field to ensure positive 
vertical synchronization at the proper intervals and proper interlace 
in the final scan pattern. It may be observed in the diagram that six 
additional equalizing pulses follow each vertical synchronizing train. 
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These serve in a similar manner to equalize the integrating condenser 
voltage after the vertical impulse oscillator has been triggered and the 
integrating condenser discharged. Furthermore, at the time the 
standards were set up it was believed that future development might 
lead to trailing-edge synchronization; so these last six equalizing 
pulses were inserted to provide a degree of flexibility which might be 
required. 
Two additional points should be stressed about the composite sync 

wave form shown in Fig. 11-11. The line interval, H, is used to 
indicate the time interval between leading edges of successive pulses. 
The location of any given scan-
ning line, however, is not from 
leading pulse edge to leading 

VIDEO pulse edge but as shown in Fig. 
11-12. The actual position of 
the line is' displaced slightly to 
the right of successive leading I I SWEEP 
horizontal sync pulse edges. The 
reason for this is, of course, that 
one line comprises a sweep and a Fig. 11-12. Any single line is of 

retrace, the latter being initiated duration H but is displaced to the right 
from the leading edges of successive 

by the leading sync pulse edge. horizontal sync pulses. 
It should be stressed that re-

ceivers will operate with a composite sync signal which is less com-
plicated than the R.M.A. signal shown in Fig. 11-11. With a simpler 
sync signal, however, either a more complicated receiver is required 
or less positive operation results. We have already seen that the 
wiser choice is to maintain performance and simplify the receiver at 
the expense of the transmitter facilities. 

11-11. Blanking 

It is common practice to develop the blanking signals in the same 
generator that forms the composite sync or supersync signal. It is 
therefore desirable to discuss the blanking signals at the present time. 
We may state the purpose of the blanking signals briefly: They serve 
to blank out or cut off the scanning beam for those portions of the 
sweep cycle which are devoted to flyback. As a measure of pre-
caution the blanking signals extend from a short time before to some 
time after the duration of the corresponding sync pulse. This ensures 

H I LINE--11.1 

COMPOSITE 
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that the entire sweep system is in stable operation  when the picture 
information is applied to the control grid of the cathode-ray tube. 
The dimensions of the horizontal and vertical blanking intervals may 
be read directly from Fig. 11-11. It will be noticed that some 18 
lines per field are lost for picture presentation because of the vertical 
blanking. These "lost" lines are the inactive lines, ni, defined in 
Chapter 3. 

THE SYNCHRONIZING SIGNAL 
GENERATOR 

The generation of the composite synchronizing signal described 
above requires a rather complex network of components. A number 
of different circuit configurations may be used to form a generator 
which can synthesize the required wave. To lend continuity to our 
discussion we shall consider primarily one form of sync generator 
which has been described in the literature.' 

11-12. General Requirements 

We first consider some general aspects of the sync generator. In 
Chapter 9 it was pointed out that commercial practice in the United 
States requires that the pickup equipment adhere to more rigid 
standards than the receiver; the camera blanking and sweep must 
occur in a shorter interval than they do at the receiver in order that 
picture data are always available when the receiver is ready for it. 
This practice requires that sync and blanking signals separate from 
those used in the composite video signal be developed by the synchro-
nizing signal generator. In all, then, five principal voltages must be 
delivered by the generator, which is the basic clock for timing all the 
sweeps in the entire television system: 

(1) Supersync Add with the picture voltage 
t (2) Composite line blanking o form the composite video 

(3) Horizontal drive signal. 
(4) Vertical drive Used to synchronize and blank 

(5) Composite camera blanking the camera equipment. 

It is essential for a stable scanning raster that the frequencies of the 

A. V. Bedford and J. P. Smith, "A Precision Synchronizing-Signal Gener-
ator." RCA Review, V, 1 (July 1940). 
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several pulse components in the supersync wave be maintained to a 
high degree of precision. Inspection of Fig. 11-11 shows that there 
are three basic repetition rates present in the wave: The vertical and 
equalizing pulses occur at twice the line frequency, or 31.5 kilocycles; 
the horizontal pulses occur at line frequency, or 15.75 kilocycles; and 
the group of vertical pulses at the end of each field occur at field fre-
quency, or 60 cycles. These three basic frequencies are integrally 
related. 

31.5 kilocycles = 2(15.75) kilocycles = n 60 cycles (11-21) 

It is possible, then, to lock in these frequencies by using a master 
oscillator operating at 31.5 kilocycles and by deriving the lower 
frequencies from it with the use of counters or frequency-dividing 
circuits. 
We have also seen that the effects of hum on the scanning pattern 

may be minimized if the 60-cycle field frequency is locked in with the 
power line. This lock-in may be effected by the system diagrammed 
in Fig. 11-13. The 60-cycle component derived from the counter 

 H 15.75 KC 

MASTER 
OSCILLATOR 31.5 

r KC '— e" 

COUNTER 

31.5 KC T. 
+7 +5 5 

COMPARATOR 

D.C. ERROR 

VOLTAGE 

REACTANCE 
TUBE t6e'POWER LINE 

Fig. 11-13. The master timing system of the sync-signal generator. 

circuit is compared with the power-line frequency in the comparator, 
which delivers a d-c voltage proportional to the error between the two 
frequencies. The error voltage controls a reactance tube which ad-
justs the master-oscillator frequency until the compared frequencies 
are identical. Since all the frequencies in the supersync are derived 
from the master oscillator, this system automatically corrects for drift 
and maintains the proper relationships between all the components. 
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11-1 3. Counter Circuit' 

One of the primary components of the synchronizing-signal gener-
ator is the counter circuit or step-charge rectifier, which serves to 
divide the master-oscillator frequency of 31.5 kilocycles by 2 to give 
line frequency and by 525 to give the field frequency. We shall 
assume that the input pulses are of square shape and that the circuit 
to be considered is that of Fig. 11-14a. The peak value of the 

Ea IL 

C2 tt.E 

( b) (C) 

Fig. 11-14. The diode-clamped counter circuit. 
counter circuit. (b) Part. cycle with CI and C2 charging. 
cycle with CI discharging. C2 retains its charge. 

TRIGGER 
DEVICE 

(a) Basic 
(e) Part 

amplified positive pulse from plate to ground is E.. Consider the 
operation of the circuit. During the duration of the positive pulse, 
the point A is positive with respect to ground and the following 
condition obtains: The clamping diode, DI, will be nonconducting 
but D2, the charging diode, will conduct, allowing condensers C1 and 

7 Another form of counter which employs a resonant circuit to stabilize a 
blocking oscillator has been proposed to reduce the number of tubes required 
in the sync generator. See A. R. Applegarth, "Synchronizing Generator for 
Electronic Television." Proc. IRE, 34, 3 (March 1946); M. Silver, "High Ratio 
Multivibrator Frequency Divider," Radio Electronic Engineering Edition of 
Radio and 7'elerision News, 13, 1 (July 1949). 
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C2 to charge. This condition of operation is illustrated by the equiva-
lent circuit of Fig. 11-14b. Assuming that the charging time constant 
of the circuit, Tc, is very small compared to r, the width of the applied 
pulse, we see that the two condensers in series will charge up to the 
full value of E.. The distribution of voltage between the two con-
densers will be proportional to the inverse of their capacitances; 
hence during r the condenser C2 receives an increment of voltage 

— Ea (11-22) 
+ C2 

At the end of r the applied voltage drops to zero. The positive 
voltage on C2 causes the charging diode, Dz, to open circuit, thereby 
isolating C2, which will hold the increment of voltage ,C.E given by 
eq. (11-22). Since the point A is no longer positive relative to 
ground, DI conducts, allowing C1 to discharge completely. Figure 
11-14c illustrates this second part-cycle of operation. D2 prevents 
C2 from discharging, but DI clamps A to ground potential. The 
circuit is then ready for the next positive pulse. 
On the second pulse C1 and C2 again receive charge through the 

charging diode D2 but the increment of voltage received by C2 will be 
less than that indicated by (11-22) because C2 charges from an initial 
charge (20, given by 

CiC2  
Qo = àiE C2 — (11-23) 

C2 + C2 Ea 

After the second pulse D2 opens, holding the charge on Cz, but C1 
is discharged through the clamping diode. The process is repetitive; 
each applied pulse in succession adds a smaller and smaller voltage 
increment on Cz. Between pulses C1 is discharged. The operating 
cycle stops when the sum of the voltage increments on C2 is sufficient 
to fire the triggering device shown at a in Fig. 11-14. The trigger, 
generally a blocking oscillator or multivibrator, serves a dual func-
tion; it discharges Cz, readying the whole circuit for the next cycle of 
operation, and it produces an output pulse. If k input pulses are 
required to allow C2 to fire the trigger device, the ratio of input to 
output pulse-repetition rate is k, the circuit count ratio. 
To analyze the operation we must find in what manner the voltage 

on C2 builds up as a function of the number of applied pulses. During 
any single pulse, the buildup is exponential but ive assume r > > 
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so that during each pulse interval a steady-state condition is reached. 

Now let 

• = amplitude of the applied pulse 
= number of pulses applied 
= increment of voltage on C2 caused by the ith pulse 

qi = charge circulating because of the ith pulse 
C2 M i 

• = total voltage on C2 after i pulses have been applied 
Q. = total charge on C2 after i pulses have been applied 
▪ = initial voltage on C2 before application of the first pulse8 

Now under the assumed condition C1 and C2 charge to the full value 
of E. during each pulse; hence for the ith pulse we may write 

Therefore 

or 

qi (-671 

+ qi Ea 
Ci -r C2 

1 = 

C2 

CiC2  
qi — (Ea rdi-1) 

C1 ± C2 

Then, by the definition of AE1, 

Cl  
— — 

C2 C1 ± C2 

= ri(E. — E1-1) (11-26) 

C1 
where 

(11-24) 

(11-25) 

— 
Ci ± C2 

(11-27) 

E; is defined as the total voltage on C2 after i pulses have been applied; 
hence we may write 

Ei = 3,E1 

and, substituting for AE1 from (11-26), we have 

= ri(E. — 

= 71E. ± (1 — 

(11-28) 

8 Subsequent work will show that certain trigger devices are unable to dis-
charge C2 completely; hence we allow for this initial charge. A similar analysis, 
which neglects the Eo term, has been published. See A. Easton and P. H. 
Odessv, "Design of Counter Circuits for Television." Electronics, 21, 5 (May 
1948): 
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Ei= TiEa ± (11-29) 

C2  
where r = 1 — r1 — (11-30) 

± C2 

In order to convert ( 11-29) into a form which may be recognized as a 
familiar mathematical function, we evaluate it for several values of i, 
a procedure which is straightforward, though lacking in elegance. 
Thus, for i = 0, no pulse has been applied and Ei_1 = Eo; therefore, 

i=0 Ei = Eo 

= 1 Ei = = riE« rEo 

= 2 Ei = E2 = riEo ± re. 

= riEo 7E0) 

= r) r2Eo 

i = 3 Ei = E3 = raEo rE2 

= riE« r[riEa(1 r) r2E0] 

= r1E(,(1 r r2) 74E0 

i = 4 Ei = E4 = 7-1E. rE3 

= r1E ± r[riEo(1 r r2) 14E0] 

= 2.1E0(1 r r2 74) -1-0E0 

and, finally, 

i=i Ei= riEo(1 r r2 ± • • • + ri-1) riEo (11-31) 

The series within the parentheses of eq. (11-31) may be recognized 
as a geometric progression of common ratio r and the sum of its 
first i terms is9 

1 r r2 ± • • • + r' — 
1 — r r1 

Thus Ei becomes 

E ,„ = ri.no (1 — ri) riE0 i  
7-1 

1 — ri 1 — ri 
(11-32) 

= Ea[l — VY C2 \'1  C2 \ (11-33)1 -1- C2) j \C1 ± C21 

9 Se,e, for example, W. L. Hart, College A gebra. Boston: D. C. Heath and 
Company, 1926. 
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and we have the final expression for the voltage on C2 as a function of 
the number of applied pulses. The relative importance of the two 
terms depends upon the relative values of E. and Eo. We shall 
presently see that E0 is determined largely by the type of trigger 
circuit used to discharge C2. 

Curves of Ei v. i with r as the parameter and .E0 assumed zero are 
plotted in Fig. 11-15. Inspection of the curves will verify the follow-

1.0 

0.8 

EL 0.6 
Ea 0.4 

0.2 

o 

1 
r=/3 

— 1 1 ;----r---- r= 2/3,-b• -1__- .J- - 
rr 3/4  — 

1- C2 
--1 -1 

r- Cli-C2 

I 
o 2 3 4 6 7 8 

=- NO. OF APPLIED PULSES 
9 10 

Fig. 11-15. Charging curves for the diode-clamped counter. 
the initial voltage on C2, is assumed to he zero. 

Eo, 

ing statement: As r approaches unity, the step heights become 
equalized, the voltage per step decreases, and the number of steps 
required to reach a given voltage increases. 

In the design of a counter stage it is desirable that the kth step, 
which fires the trigger circuit, have a magnitude in the order of 1 or 
2 volts in order to ensure positive firing action. It follows that the 
optimum capacitance ratio, r, depends upon E., the firing voltage, 
and the count ratio. Where receiving-type tubes are used, these 
factors limit the maximum count ratio to approximately 15. It is 
because of this limitation that the number of lines in the television 
system is chosen such that it may be broken down into a number of 
small factors. 

It is of interest to note that one limitation on count ratio k in the 
counter circuit may be traced directly to the fact that the voltage 
increment per step decreases as the number of applied pulses is 
increased. This inherent limitation may be overcome by replacing 
the clamping diode, DI, of Fig. 11-14 by a triode. The modified 
triode-clamped counter is shown in Fig. 11-16.n The primary differ-

10 C. E. Hallmark, "An Improved Counter-Timer for Television." Radio-
Electronic Engineering Edition of Radio News, 9, 1 (July 1947). 
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TRIGGER 
DEVICE 

Fig. 11-16. Triode-clamped counter circuit. (Courtesy of Radio 
and Television News.) 
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ence in this, as compared to the diode-clamped circuit, is that the 
control grid of the clamping triode, VI, is connected to the positive 
end of C2. Because of this, C1 does not fully discharge between input 
pulses but retains sufficient voltage so that on C2 remains constant. 
Proper design of the circuit allows the full count of 525 which is 
required in the sync generator to be obtained in a single stage. It is 
inevitable, however, that the maximum voltage increment on C2 per 
step will be less than Ea/525. For values of pulse magnitude that 
may be obtained in practice, this generally holds AEk for the firing 
step below the 1-volt value, which is desirable from the standpoint of 
firing stability. Current practice retains a cascaded series of diode-
clamped circuits. 

Generally speaking, there are three principal types of trigger de-
vices which may be used to discharge C2 and to produce the output 
pulse. These are the thyratron, the blocking oscillator, and the 
modified multivibrator. Of the three which are illustrated in Fig. 
11-17 the thyratron is the least expensive. It is seldom used in 
television applications because of the instability of its firing point. 
The blocking oscillator provides positive action but provides little, 
if any, control of the output pulse shape. The third circuit at c in-
corporates a separate discharge tube in conjunction with an electron-
coupled multivibrator. The large number of components required is 
the price paid for stability plus control of the output wave form. 

Consider the operation of the circuit at a, which employs the 
thyratron. The firing voltage of the tube is determined by the bias 
control P1. As a typical example, say that a count ratio of 3 to 1 is 
required, E. is 50 volts, C2 = 3C1, and the tube drop across the 
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(a) 

Fig. 11-17. Representative trigger devices. C2 is the charging 
condenser of the associated counter circuit. (a) Thyratron trigger 
eircuit. (b) Blocking oscillator trigger circuit. (e) Triggering is 
provided by V1 in conjunction with the electron-coupled multi-
vilest or. 

thyratron, when it is conducting, is 20 volts. Then, from (11-30), 
r = 0.75. Let us calculate the value of voltage appearing on C2 after 

the application of the second and third pulses. Since the lowest 
voltage which appears across the thyratron is the tube drop itself, 
E0 = 20 volts then, from (11-33), 

= 2 E2 = 50[1 — (0.75)2] ± 20(0.75)2 = 30.7 volts 

and i = 3 E3 = 50[1 — (0.75)3] ± 20(0.75)3 = 37.4 volts 

In order to have a count ratio of three, the thyratron should fire 
between these values of voltage, say at 34 volts. Reference to the 
firing characteristic of the thyratron will then show what value of bias 
is required to have the tube fire at this voltage. The output pulse is 
developed by the discharge current flowing through E K. 
The operation of the blocking oscillator is quite similar to that just 
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described, except that the firing point is determined by the negative 
throw of the oscillator on the grid side. Since this is generally 
negative, C2 will be left with its upper terminal negative and E0 of 
eq. (11-33) will be a negative quantity. 

In the third circuit of Fig. 11-17 V1 is biased beyond cutoff by the 
proper adjustment of P1. Furthermore, the multivibrator is designed 
so that normally V2 is also cut off. Then, when the kth pulse has been 
applied, the voltage on C2 is just sufficient to overcome the bias on V1, 
which conducts. Notice that the plate current of 1-1 flows through 
R3 and causes a drop in the screen grid voltage of V2. This drop has 
two effects. The multivibrator throws, and V2 conducts, causing C2 
to discharge. The multivibrator then completes its operating cycle, 
VI and V2 are cut off, and the circuit is readied for the next triggering 
pulse from C2. 
Observe that, in effect, we have a multivibrator which is synchro-

nized by pulses delivered by C2 and VI. The electron-coupled plate 
of V2 serves the auxiliary purpose of discharging C2. It should be 
clear from a consideration of the synchronizing concept that the free-
running inter-output-pulse period of the multivibrator must be 
greater than the period between the synchronizing pulses developed 
across C2. Stated in other terms this means that 

rz < 

where r2 is the interval for which V2 iS cut off under free-running 
conditions, f is the frequency of the pulses applied at the counter 
input, and k is the count ratio. 

In typical circuits of this type, the plate of V1 almost completely 
discharges C2 and E0 may be taken as zero. Under these circum-
stances it is possible to develop the design, using the curves of Fig. 
11-15 in place of eq. ( 11-33). 

11 -1 4. Reactance Tube 

A second component of the complete sync generator which we shall 
discuss is the reactance tube, which serves to convert a varying d-c 
error voltage into a corresponding change in oscillator tuning capaci-
tance. The need for such an element was described in connection 
with Fig. 11-13. Consider the circuit shown in Fig. 11-18. A 
triode is shown in place of a pentode to simplify the schematic 
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arrangement. Let a source of alternating voltage, E, be applied 
between plate and ground. The impedance of the R-C branch is 
assumed to be high so that I is negligibly small in comparison to the 
plate current I, -= g„,E,. Furthermore, R is assumed to be small 
relative to X,, thus /1 leads E by nearly 90°. Since E, is the drop I1R, 
E, and gmE, are in phase with Ii and so lead E by nearly 90°. The 
ratio of g„,E, to E is the admittance viewed by E, which may be seen 

(a) (b) 
Fig. 11-18. The reactance tube. (a) One form of basic circuit. 

(b) Vector diagram. g„,E, is assumed to be very much greater than 
/. 

to have a capacitive component whose magnitude is proportional to 
gm. Thus the magnitude of this capacitive component can be varied 
by controlling the bias of the stage, which, in turn, varies gm. As the 
bias voltage becomes less negative, both gm and the effective shunt 
capacitance increase. Thus a d-c voltage may vary the effective 
input capacitance between the plate and cathode of the tube. The 
quantitative relationship between the input impedance and gm may be 
obtained by direct application of the equivalent plate-circuit theorem 
to the circuit of Fig. 11-18a." It may also be demonstrated that the 
tube behaves as a variable inductance if C is replaced by an in-
ductance. In the latter case a large blocking condenser is required 
in series with the inductance to isolate the grid circuit from the d-e 
plate voltage. The connection of the reactance tube and the tank 
circuit of its associated oscillator is shown in Fig. 11-19. 

11-1 5. Comparator Circuit 

A third basic component of the sync generator is the comparator 
circuit, which serves to deliver a d-c error voltage whose magnitude is 
proportional to the difference in frequency of the two input signals. 

11 See, for example, H. J. Reich, "Theory and Applications of Electron Tubes." 
New York: McGraw-Hill Book Company, Inc., 1944. 
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fL 
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C3.1 

+525 

COMPARATOR 
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V5 

\/\/\ SINE WAVE 
SWITCH 

( C )  NET VOLTAGE ON C3 

(d) 

SINE WAVE 

SWITCH 

  NET VOLTAGE ON C3 

Fig. 11-19. The comparator circuit. (a) Circuit diagram. The 
comparator proper is enclosed by the dotted line. (b) Equivalent cir-
cuit of the comparator itself. (e) Wave forms when both inputs to 
the comparator have the same frequency and proper phase relation-
ship. (d) Wave forms when the square wave has a lower frequency 
than the sine wave. (Courtesy of RCA Review.) 

The basic comparator circuit is shown in Fig. 11-19 and may be 
identified as that portion of the circuit which is enclosed by the dotted 
line. Consider the operation of the circuit. With no voltages ap-
plied, the four switching diodes VI, V2, V3, and V4 are nonconducting 
and there is an open circuit between the point A and ground. When 
a 60-cycle square pulse derived from the counter circuit is fed to the 
circuit through the transformer, all four of the tubes are forced to 
conduct and a conduction path is established from A through C3 to 
ground. The flow of current during the same interval also charges 
C2, making its right-hand side positive. At the end of the 60-cycle 
pulse, C2 places a reverse polarity on the switching diodes; they cease 
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conducting and the conduction path from A to ground is broken. 
Notice, then, that the action of the four tubes and the applied pulse 
may be replaced by a relay as shown in Fig. 11-19b for purposes of 
discussion. For the duration of the applied pulse the contacts are 
closed; at all other times they are open. 
Now consider what happens when a 60-cycle sine wave derived from 

the power line is applied to the circuit between A and ground. Ob-
viously, this sine wave will charge C3 but only during those intervals 
when the relay contacts are closed. The amount of voltage received 
by C3 during these intervals depends upon the difference in frequency 
of the square and sine wave inputs and their relative phase. At c in 
the diagram both waves are of the same frequency and, with the 
switching interval astride the crossover point of the sine wave, the net 
voltage on C3 remains zero. 

If for some reason the frequency of the master oscillator decreases, 
the square wave output of the counter chain will also drop in fre-
quency. The wave forms corresponding to this condition are shown 

at d. Notice that the relay contacts are closed only during the 
negative portions of the sine wave, so C3 will charge up negatively. 
It may be observed from the circuit that the voltage across C3 effec-
tively varies the bias on the reactance tube V5. We have already seen 
that a more negative bias lowers gm and also the shunt capacitance 
presented by the reactance tube. Thus the negative voltage on C3 
raises the oscillator frequency and the counter output approaches its 
proper value until finally the stable condition indicated at c obtains. 

Notice the importance of the relative phase of the sine wave. If it 
were 180° out of phase from the wave, as shown at d, a lowered 
counter output frequency would charge C3 positively and drive the 
system even farther away from its stable point. 
A similar line of reasoning will show that if the master oscillator 

shifts its frequency upwards, C3 will charge positively and will lower 
the oscillator frequency by increasing the shunt capacitance. 
While the comparator and frequency lock-in circuit exhibits ex-

cellent stability, it cannot easily be adjusted the first time it is placed 
in operation. Two principal adjustments must be made: The master 
oscillator frequency must be set very close to its correct value, and the 
phase of the sine wave must be set properly. To aid in the first ad-
justment a shorting switch is normally wired in shunt with C3. With 
this switch closed the reactance tube and oscillator are isolated from 
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the comparator circuit, the bias on V5 is fixed, and the oscillator may 
be adjusted by means of the tuning slug in its tank coil. It will be 
observed that any percentage of change in oscillator frequency will 
reflect the same percentage of change in the counter output, but, 
nevertheless, from the viewpoint of adjusting the system it is con-
venient to compare the oscillator frequency directly with a standard 
of 31.5 kilocycles; it is easier to observe a difference of several cycles 
than of a fraction of a cycle, even though the percentage difference is 
the same in both cases. 
Once the master-oscillator frequency is adjusted closely to its 

correct value, the phase of the counter output and sine wave should 
be compared. This may be done with the help of an oscilloscope. 
The potentiometer, P1, of the phase shift network permits a phase 
adjustment over a range of roughly 180°." If a complete phase 
reversal is required, the leads from the transformer secondary to the 
shifting network may be reversed. Once adjusted, the entire feed-
back loop, comprising the oscillator, counter, comparator, and re-
actance tube, exhibits excellent stability and lock-in with the power 
supply. 

11-16. Voltage-adding Circuit 

A fourth basic component of the sync generator is the mixing or 
voltage-adding circuit, which functions to add two voltages point by 
point. Frequent reference has been made in our previous work to 
this circuit, which consists of two vacuum tubes operating into a 
common plate load. We now consider the action of the circuit in 
some detail. 

Basically the operation is quite simple. In each tube the plate 
current is proportional to the applied grid voltage. Plate currents of 
both tubes flow through a common resistor; hence the output voltage 
is proportional to the sum of the two currents. If the operation is 
linear, the two input wave forms are effectively amplified, added, and 
inverted. 
A practical consideration arises when the tubes used are triodes. 

From Fig. 11-20 it may be seen that VI sees an effective load con-
sisting of RL shunted by re, the plate resistance of the second tube. 
This combined load will be always less than ria, a value which will 

12 For a discussion of the phase shifting network see section 11-22. 
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eb+ibRneeet, 

Fig. 11-20. The mixer, or voltage-adding, circuit. (a) Basic cir-
cuit. (b) Resistors R1 and R2 are added to increase linearity when 
triodes are used. 

give poor linearity, for recall that in a triode the linearity improves as 
the load resistance is raised. Furthermore, as the grid voltage on V2 
is varied, re will also vary. Thus V1 works into a low-resistance 
variable load. This difficulty may be overcome by isolating the tubes 
from each other with linearizing resistances, R1 and R2, shown in 
Fig. 11-20b. Notice that these resistors will act to reduce the magni-
tude of the output voltage. When pentodes are used in the circuit, 
r„ is large and RL is only a small part of the total circuit resistance. 
Furthermore, in pentodes the linearity of operation is practically 
independent of the load resistance, so the linearizing resistors are not 
required. 
We shall consider the analysis of the circuit from two points of 

view: first when the operation is linear, and second when the operation 
is on the curved portion of the tubes' characteristics. In the former 
case the use of the equivalent plate circuit is justified and the analysis 
is quite simple. We shall assume that pentodes are used, that RI 
and R2 are not included, and that the two tubes have identical 
characteristics. Then, reading directly from the equivalent circuit 
of Fig. 11-21b, we see that the output voltage delivered across RL is 

_e 
2  

= E2) RL 
RL 

2 

(11-34) 

or if the constant voltage form is preferred, we note that µ = g.r„, 
and the expression becomes 
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Fig. 11-21. Equivalent circuits for a voltage adder employing 
pentodes. (a) Constant-current equivalent circuit. (b) Simplified 
equivalent circuit. 
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E. = — et(Ei E2) RL  r, 2/iL (11-35) 

Under certain circumstances, when the tubes are operated in the 
region of nonlinearity, a graphical analysis of the mixer circuit is 
preferred. We first determine the quiescent or operating point of 
the tubes when no signals are applied to the grids. From the basic 
circuit, Fig. 11-20a, we see that at any instant of time the voltage 
between the cathode and common plate connection of the tubes will 

be (neglecting the bias voltage developed across Rk) 

eb = Ebb — (ibl ib2)RL (11-36) 

where 
eb = total instantaneous plate voltage, 

41 = total instantaneous plate current of VI, 

42 = total instantaneous plate current of V2, 

Ebb = supply voltage. 

Since the vacuum tube is generally a nonlinear device, we cannot 
express 41 and ib2 as explicit functions of eb, and we resort to the static 

characteristic curves, which may be represented by 

lb = f (eb, Cr) (11-37) 

Equations (11-36) and (11-37) are simultaneous equations and may 
be solved graphically. Equation ( 11-36) is plotted on the same 
co-ordinates as the static characteristic curves. Then the current 
which corresponds to any set of grid and plate voltages is indicated 
by the intersection of the straight line (11-36) and the appropriate 
static curve. It is by this method that we determine the operating 
point, for since (11-36) is true at any instant, it must be true when 
the currents and voltages are at their quiescent values. Hence we 
may replace eb by Eb0 and 4 by Iba, and the equation becomes 
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= Ebb — bol ± I boaL (11.- 38) 

If we assume identical tubes and similar bias voltages, 

= 16.92 •= bo (11- 39) 

E60 -= Ebb — 2RLIbo (11-40) 

Ebb —  
whence lb. — (11-41) 

2RL 

Equation (11-41) plots as a straight line with voltage intercept equal 
to Ebb, current intercept of Ebb/2RL, and slope —1/2RL. This line is 
the usual d-c load line for a resistance of magnitude 2RL and is shown 
in Fig. 11-22. Under quiescent conditions e, = Ecc, the bias voltage, 
and the O point is located at the intersection of the load line and the 

and (11-38) becomes 
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Fig. 11-22. Graphical solution of the voltage adder. The effect 
of nonlinearity may be observed. 
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static curve corresponding to the bias voltage. Notice that our re-
sults thus far may be interpreted in the following manner: The total 
d-c plate current from both tubes, 2/b., flowing through a resistance 
RL, is equivalent to the d-c plate current from a single tube flowing 
through a resistance of magnitude 2RL. 
With the 0 point located we may then draw through it the a-c load 

line, which, by eq. (11-36), is seen to have a slope of —1/RL. The 
output currents and voltage may then be determined in the con-
ventional manner as shown in Fig. 11-22. The various voltages used 
in the diagram are chosen to illustrate how two square waves may be 
added in the circuit and to show the type of distortion encountered 
because of nonlinearity. 

11-17. Delay Networks 

In assembling the various components into the synchronizing 
signal generator we shall find need for a unit which is able to delay a 
train of narrow square pulses by a time interval nr. It must be 
realized at the outset that repetitive waves which have widths in the 
order of microseconds exhibit an extremely wide frequency spectrum. 
If such a wave of width (3 and of period T be expanded into a Fourier 
series, it may be shown that the amplitudes of the frequency com-
ponents vary as the (sin x)/x function as shown in Fig. 11-23. The 
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Fig. 11-23. Characteristics of the repeating square pulse. (a) A 
train of narrow square pulses. (b) The amplitudes of the square-
pulse frequency spectrum are proportional to the (sin x)/x function. 
In the actual spectrum all terms are positive. 
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frequencies present are all multiples of 1/T and the amplitude en-
velope passes through zero at those frequencies which are multiples 
of 1/5. It has been determined experimentally that the pulse may be 
reproduced by those components whose frequencies extend up to the 
fifth zero or to ft.,.. = 5/5. In considering the fifth component of the 
sync generator, the delay network, we must bear in mind that all 
frequencies up to 5/8 must be delayed by a constant time interval. 
Two forms of delay network are in common use: the artificial line and 
the delay multivibrator. These will be considered in order. 

It is well known that a lossless transmission line exhibits a delay time 
independent of frequency. Such a line may be used as a delay net-
work. In practice the delay obtained per unit length of line is too 
small to be of value, so we contrive to replace the actual line by an 
artificial line formed of lumped parameters, which gives delays of the 
order required. 

It is beyond the scope of our work to consider in detail the analysis 
of an artificial transmission line. We shall, however, briefly review 
some of its salient features. It is well know& that a lossless low-pass 
constant-k filter exhibits the following properties in its pass band. 

a = attenuation constant = 

= phase shift per section 

= 2 arc sin 

= cutoff frequency 
1  

ITN/7/ . > (11-42) 

Ro = nominal characteristic impedance 

where 

and 

L = 
c= 

series inductance per section 

shunt capacitance per section 

We have already seen from eq. (7-15) that phase shift and delay 
time, r, are related, hence we may write: 

13 See, for example, E. A. Guillemin, Communication Networks. John Wiley 
and Sons, Inc., 1935, Vol. 2, chap. 9. 
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a 2 • f 
T = = arc sin - 

(0 co 
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(11-43) 

If, now, we design the network so that all signal components of sig-
nificant amplitude are of frequencies less than or equal to 0.5f„ then 
the ratio f/f, will be less than 0.5 and as a good approximation we 

may sett4 

arc sin 1. I 
fe Je 

and we finally have for the delay time per section 

2 f 
T = -2 firN/  LC •-•,--e (11-44) 

f, 277-f. 

We see, then, that for f < 0.5f, r is approximately constant and hence 
a single section of the low-pass filter may be used to introduce a delay 
of r seconds in the applied signal. Notice that in the same frequency 
band a = 0 and the amplitudes of the various signal components will 

remain unchanged. When several such sections are cascaded to pro-
vide longer delay intervals, the whole network is referred to as an 

artificial line. 
We may now consider the design of a low-pass section which is to 

delay a square pulse of width S. Since all frequencies up to 5/0 must 
be delayed by a constant amount, we may write 

f, = 2fmax = 2 (-5) = —10 (11-45) 
(5 

Then, combining (11-42), (11-44), and ( 11-45),  

*V/ 7 r  -= = (11-46) rf, 10/r 

and, from ( 11-42), 

- = Ro (11-47) 

These two equations may then be manipulated to give the circuit 

constants L and C. Thus, multiplying them, we get 

and dividing 

L = —bRo 
lOir 

C - 
10wRo 

(11-48) 

By comparing O and sin O for O up to 30° or 0.524 radians we note that the 
maximum error in eq. ( 11-43) is less than 5 per cent. 
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Notice that the restriction fma. < 0.5f, means that the section cannot 
be designed for a delay time greater than 6/107r. Generally a single 
section will not provide sufficient delay, in which event several stages 
may be cascaded to give the required value. The value of 7- for a 
section may be decreased by raising the factor 10 in the design 
equations. This may he done without violating the restriction that 

fmax < 
It is sometimes the practice to improve the operation of the circuit 

by providing the proper impedance match at both ends of the cas-
caded line. This may be effected by terminating each end of the 
cascaded artificial line in an m-derived half-section with in = 0.707.'5 
The complete line with the necessary design equations is illustrated 
in Fig. 11-24. This artificial delay line is frequently called a "stick." 

Ro 

0.354L L 

01771_ 

0.707C 

TERMINATING! CONSTANT k SECTIONS 
HALF-SECTION,' 
M-DERIVED 

2 L12 

C 

L. 6 R° 
loir 

6 
C=10/7R0 

I TERMINATING 
1HALF-SECTION, 
M-DERIVED 

Fig. il-24. The complete artificial delay line. The delay per 
section is r = (3/10ir •econcls. 

Varying amounts of delay may be had in multiples of r, the delay per 
section, by tapping off the line at the appropriate terminal pair. It 
should be realized that there are other types of delay lines than that 
just described. Superior performance may be had from lumped-
parameter networks of the nt-derived type where m is greater than 
unity, a condition which may be obtained by providing mutual in-
ductance between adjacent coils along the stick. Kallman has rec-
ommended the value of m = 1.27.'6 

"The value of m -= 0.707 is used instead of the more usual 0.6 of conven-
tional filter design because it provides a better impedance match in the band 
0 5 f ≤ 0.5f. 

16 H. E. Kallman, "Equalized Delay Lines." Proc. IRE, 34, 9 (September 
1946). 
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Considerable development work has been carried out on delay 
lines, which employ distributed rather than lumped parameters.'" 
For example, the delay per unit length of a coaxial-type cable may be 
increased by replacing the conventional center conductor by a con-
tinuous spiral wound on a plastic core. For the present the lumped-
parameter artificial line is more convenient where several taps are 
required, each corresponding to a different delay. 

Generally speaking, for the narrow pulse widths encountered in the 
supersync signal, the delay per section which may be obtained with an 
artificial line is small, being in the order of 1 microsecond or less. 
Where relatively long delay times are required, the physical length 
of the "stick" may become excessive and some other sort of delay 
device becomes necessary. We consider now the delay-multivibrator 
circuit. In this case the original pulse does not appear at the output 
delayed by some interval, but the original pulse is used to initiate a 
new pulse which is delayed by the appropriate interval. The idea 
behind the delay system is illustrated in Fig. 11-25. The original 

ORIGINAL PULSE 

o 

0-,   

r L.-

OUTPUT OF MULTIVIBRATOR 
SYNCED BY ORIGINAL PULSE 

DIFFERENTIATED MULTI - 
VIBRATOR OUTPUT 

Fig. 11-25. Wave forms of the delay multivibrator. The posi-
tive pips in the differentiated wave lag the leading edges of the orig-
inal wave by r, the width of the multivibrator output pulse. 

pulse is used to synchronize a multivibrator, which is designed to 
produce a negative output pulse of width T. On differentiation the 
multivibrator output produces a positive pip, whose leading edge lags 
the original pulse by T. The positive pips may then be used to 
synchronize another multivibrator. Inspection of the diagram shows 
that the delay between the original pulse and pip is r, the width of 
the delay multivibrator pulse; hence the amount of delay is deter-
mined by the design of the delay multivibrator. 

" J. P. Blewett and J. H. Rubel, "Video Delay Lines." Proc. IRE, 35, 12 
(December 1947). 
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11-18. Familiar Components 

Some of the details of five basic components of the sync generator 
have been discussed in the last five sections. The remaining com-
ponents are more or less familiar circuits and need only be mentioned: 
the limiting amplifier, the master oscillator, and power supply. The 
limiting amplifier consists of an amplifier stage, operating with low 
bias and low plate voltage. Under the influence of the applied signal 

the tube is driven to saturation and the magnitude of the output 
voltage is limited by that effect. The limiter is inherently a dis-
tortion-producing device and may be used to "square up" a sine wave. 
It may also be used to limit the amplitude of an applied square wave 
to a specified value. 
The oscillator used to generate the base frequency of 31.5 kilocycles 

may take the form of any of the standard oscillator circuits and need 
not be discussed here. It is common practice to use electron coupling 
in the output to prevent any effects at the input of the counter chain 
from "pulling" the oscillator proper. The power supply for the 
entire sync generator is quite conventional. Electronic regulation 
is used to aid in maintaining a high degree of stability in the entire 
unit. 

11-19. Operation 
The principal components of the generator circuit have been de-

scribed in the sections above. We are now in a position to see how 
these components are assembled into the complete generator. Con-
sider the block diagram of Fig. 11-26. It is convenient to break down 
the operation into two units. The first or timing unit, which is 
enclosed by the dotted line in the diagram, serves to establish the 
three basic frequencies required in the supersync signal, namely, 
31.5 and 15.75 kilocycles, and 60 cycles. It also serves to lock in 
these components with the power-line frequency. The system is 
seen to be identical with that shown in Fig. 11-13 with one exception: 
a limiting amplifier is placed between the master oscillator and the 
counter chains. This limiter serves to "square up" the sinusoidal 
output of the oscillator in order to provide a steep wave front pulse 
for the counter. This results in a more positive trigger action in the 
counters. 
The remainder of the sync generator is the wave-shaping unit, 

;`' 
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Fig. 11-26. Block diagram of a typical synchronizing-signal gen-
erator. (Courtesy of RCA Review.) 
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which forms the pulse components of the supersync signal and adds 
them in the proper phase. The principal wave forms at critical 
points in the unit are shown in Fig. 11-27. Notice that only one-half 
of the actual number of pulses are shown at each point; for example, 
in the complete supersync wave at w and w' only three rather than 
six vertical pufses are shown. This procedure is adopted to simplify 
the drawing. Consider first the generation of the composite line-

a 

d 

e 

h 

L , 

w. 

w' 

LINE BLANK 

CAMERA BLANK 

VERT. DRIVE 

NOR. DRIVE 

VERT. GATE 

ROUGH VERT. 
SYNC. 

ROUGH NOR. 
SYNC. 

ALTERNATE EQ. 
PULSE GATE 

NOR. GATE 

EQUAL. PULSE 

COMPOSITE EQ. 
PULSE GATE 

GATED ROUGH 
NOR. SYNC. 

GATED ROUGH 
VERT. SYNC. 

SUPER SYNC. 

Fig. 11-27. Wave forms in the sync generator of Fig. 11-26. 
Only one-half the actual number of pulses are shown. (Courtesy of 
RCA Reriew.) 
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blanking pulses. A 15,750-cycle square pulse is suitably delayed in 
DN-15,750 and triggers a multivibrator MV-10, which develops the 
horizontal blanking pulses a. The 60-cycle or vertical blanking pulses 
are developed by MV-1, limited in L-1, and have the final form b. 
These two waves must be combined so that during the vertical blank 
intervals, the horizontal pulses are eliminated, a function which is 
accomplished in the following manner. The two waves, a and b, are 
added in ML-1 to produce c. Notice that during the vertical blank 
interval the horizontal pulse rides on top of the vertical pulse and 
hence may be clipped off by the limiter as indicated by the dotted 
line in the diagram. The final composite blanking wave is delivered 
through LA-1 and has the form shown at d. 
The camera blanking signal is developed in a similar manner. 

Recall that in each case the camera is blanked for a shorter period 
than the receiver CRT, and each camera pulse must occur within the 
duration of the corresponding line pulse. The horizontal camera 
blanking pulses are therefore derived from a separate multivibrator, 
MV-11. The resulting pulses lag the line pulses because MV-11 taps 
in farther along the delay stick than does MV-10. The narrower 
camera vertical blank pulse is generated in MV-2. The two com-
ponents are then combined, clipped, and delivered to the output 
through LA-2 and produce the wave e. Notice the relative timing 
in the components of d and e. 
The vertical drive signals for the camera sweep are derived from 

MV-3, which is synchronized directly from the 60-cycle output of the 
main counter chain. The wave form is shown at f. The horizontal 
drive at 15,750 cycles is produced in MV-13. Proper phasing between 
these pulses and the camera horizontal blanking is obtained by 
tapping the input of the multivibrator at the appropriate point on 
DN-15,750. The limited output is delivered through LA-5 and is 
shown at g. 
The remaining portions of the circuit serve to develop the supersync 

proper. The individual rough vertical sync pulses occur at twice the 
line frequency, or 31.5 kilocycles. They are keyed by pulses from 
LA-31,500, which are suitably delayed by the stick DN-31,500, and 
are generated in MV-7. Their shape is shown at n. Now these 
pulses occur in groups of six (shown as three in Fig. 11-27) and only 
at the end of each field; hence these groups must be gated in at the 
proper intervals. The vertical gate, m, is derived as follows: Refer-
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ence to e and in in the figure shows that the gate pulse must lag the 
leading edge of the line vertical blanking pulse. The necessary delay 
is produced by the delay multivibrator, MV-5, and by ML-6. The 
approximate delay is determined by the width of the pulse produced 
in the delay multivibrator, as shown at h. h is differentiated and the 
rising edge x in jis used to key in ML-6. The inverse of n, shown at 
j, is also fed to the mixer. Because of the action of k at the mixer, the 
pulse labeled z appears across the output of ML-6 and is used to 
synchronize MV-6, the vertical gate generator. By this relatively 
complex method, the leading edge of the vertical gating pulse is made 
to coincide exactly with a trailing edge of the gated pulse, n, thereby 
ensuring perfect timing. The final group of six vertical pulses is 
shown at u. 
We shall next consider the generation of the horizontal synchro-

nizing components of the supersync wave. The rough horizontal 
sync pulses occur at line frequency and are developed in MV-12. 
Synchronism is again provided by tapping the input of the multivi-
brator to the appropriate point in DN-15,750. The resulting pulses 
shown at o are fed to ML-4. A study of the composite sync wave 
shows that these pulses must be keyed out for the duration of the 
total of 12 equalizing and 6 vertical sync pulses at the end of each 
field. Thus we require a gating pulse at 60 cycles and of the ap-
propriate width. This horizontal gate, shown at q, is developed in 
MV-4, limited, and combined with the rough horizontal pulses in 
ML-4. The resulting wave, with the pulses absent during the equal-
izing and vertical sync interval, is shown at t. 
The next problem is the generation and gating of the equalizing 

pulses. Suitably delayed synchronizing pulses at twice the line fre-
quency are derived from DN-31,500 and fed to MV-8, which generates 
the equalizing pulses, r. In MV-9 a 15.75-kilocycle square wave 
shown at p is developed. When combined with q in ML-3, the 
composite equalizing pulse gate, s, results. The final addition of all 
the several supersync components is accomplished in the mixer M-1. 
Notice from the block diagram that the components to be added are 
r, s, t, and u. The resulting wave obtained at the output of MV-1 is 
shown at y. This wave requires some explanation. At a and a' 
the effect of the composite equalizing pulse gate, s, may be seen. 
The equalizing pulse, which occurs in the center of each horizontal 
line during the active portion of each field, is notched out. The effect 
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of adding the equalizing pulses to s, t, and u is indicated by the pips 
labeled and f3'. A careful inspection of the wave forms of Fig. 11-27 
shows that the leading edges of r always precede the leading edge of a 
rough horizontal or rough vertical sync pulse. In the mixing or 
adding process the two pulses overlap as shown in Fig. 11-28. By 

r• t 

Fig. 11-28. The equalizing and rough licrizontal sync pulses are 
"lap-joined" to ensure wave-front stability. 

this process of "lap-joining" the waves, the leading edge of every pulse 
in the supersync wave is furnished by a common source, MV-8. Notice 
that each component, say, the final horizontal sync, consists of the 
rough horizontal pulse plus a leading edge furnished by the equalizing 
pulse generator. The advantage of this system is that the effects of 
relative drift between the several multivibrators are minimized and 
precise timing is maintained between all leading edges in the final 
supersync wave form. The limiter L-9 clips off the undesired por-
tions of r, and the final wave w and w' is delivered at the output. 
The Bedford-Smith synchronizing-signal generator just described 

has proved to be a highly stable source of synchronizing signals. It 
has found wide acceptance in the industry in applications where its 
large physical size can be tolerated. In recent years there has been a 
trend toward the wide use of remote pickup at large distances from 
the studio. To meet the demands of light equipment for portable use 
considerable work has been done to reduce the size of the sync gen-
erator. A chief contributing factor to the reduction in size has been 
the development of miniature tubes. Development and research 
have also led to greater flexibility of operation and performance to 
closer tolerances. 18 

18 For descriptions of recent design trends see E. Schoenfeld, W. Brown, and 
W. Milwitt, "New Techniques in Synchronizing Signal Generators." RCA Re-
view, VIII, 2 (June 1947); Operating and Maintenance Manual, Du Mont Model 
TA-124-B Image Orthicon Chain, Allen B. Du Mont Laboratories, Inc., 1948; 
Instruction Book, Television Field Pick-up Equipment, R.C.A., Engineering 
Products Department; G. Zaharis, "Television Synchronizing Generator." Elec-
tronics, 23, 5 (May 1950). 
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SYNC SIGNAL TESTING 19 

The standards on the wave form of the supers y ne signal shown in 
Fig. 11-11 prescribe that the rise time and duration of the several 
pulses be maintained within certain tolerances. We must, therefore, 
discuss some of the means available for checking the extremely short 
intervals which are involved in the supersync wave form. A quick 
inspection of the problem indicates that some technique involving a 
cathode-ray tube is desirable because of the high writing speeds which 
may be obtained. Our chief concern is to determine what sort of 
horizontal sweep will permit the required accuracy in measurement. 

1 1 —20. Saw-tooth Sweep 

The most obvious type of sweep to use is the conventional saw-
tooth form, which is built into most commercial oscilloscopes. The 
method involved would be to observe the pulse as it is displayed on 
the face of the cathode-ray tube and to make the required measure-
ments with a scale. Then, if the sweep speed is known, the measured 
value of distance on the screen may be converted to the corresponding 
time interval. As a practical matter, three objections may be raised 
against this method of pulse-width determination. 

(1) Any nonlinearity in the horizontal scan will introduce an error 
in the measurements. 

(2) The probable error in measuring with a scale may be greater 
than the tolerance permitted in the pulse width. 

(3) The saw-tooth scan does not permit efficient use of the screen 
width for measuring purposes. 

This last fact comes about because some finite time is consumed 
during the retrace of the horizontal scan, a loss which prevents an 
entire cycle of the applied pulse from being viewed on the screen. 
To circumvent this effect it is necessary to halve the sweep frequency 
so that two of the pulse cycles appear on the screen with a resulting 
shrinkage of the time scale. These objections may be overcome by 
using a sinusoidal, rather than a saw-tooth, horizontal sweep voltage. 

19 R. A. Montfort and F. J. Somers, "Measurement of the Slope and Duration 
of Television Synchronizing Impulses." RCA. Review, VI, 3 (January 1942). 
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11-21. Sinusoidal Sweep 

The basic circuit for measuring pulse width with a sinusoidal hori-
zontal sweep is shown in Fig. 11-29a. The frequency of the sinusoid 
is chosen to be equal to the repetition rate of the pulses and its effect 
on the reproduced pattern is to widen the pulse width, provided that 
the pulse occurs where the sine wave has a maximum rate of change 
as shown at b in the figure. To this end a phase-shift network is 

PULSE 

- 

WAvE 

SINE 5 

2 

(a) (b) 

---- 100 % LEVEL 

OSCILLOGRAM 

10% LEVEL 

VECTOR 2 
DIAGRAM 

(c) 

Fig. 11-29. Measurement of pulse width. A sinusoidal sweep 
voltage is used. (a) Basic circuit. (b) The deflection voltages. 
(e) Generation of the oseillogram. O is the angle corresponding 
to D. (Courtesy of RCA Review.) 

provided as shown. The appearance of the final image on the screen 
is shown at c, as well as the rotating-vector representation of the 
sinusoid. We now seek a relationship between the measured dis-
tances C and D and the relative pulse width. Since the rotating 
vector revolves with a constant angular velocity 

T O 

= 360° (11-49) 
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and, reading directly from the diagram, we have 

C/2 . C 
0 -= 2 arc sin — = 2 arc sin -/)- (11-50) 

D/2 

Then the per cent pulse width is 

. C 
arc sin D-

% pulse width = X 100 -   1.8 (11-51) 

Since the time-distance relationship is known, the per cent pulse 
width may be determined by direct measurement of C and D on the 
cathode-ray screen and the use of the last equation. 

It should be noticed that in Fig. 11-28 T is taken to be the time 
interval between the 10 per cent amplitude points on the pulse. The 
reason for this procedure may be seen from Fig. 11-11, where the 
several supersync pulse widths are specified in terms of these points. 
Since it is impossible to generate a pulse with zero rise time, a pulse 
cannot have constant width over its entire amplitude range. It has 
been convenient to standardize duration of the pulse at the 10 per 

cent amplitude level as the pulse width. 
It should be apparent that an even greater expansion of the di-

mension C of Fig. 11-29 may be obtained on the oscilloscope screen 
by doubling the frequency of 

î the horizontal-sweep sine vol-
tage, a procedure which is of 
considerable help in determining 
the rise time of a pulse which, 

r: in some instances, must be in 
the order of 0.25 microsecond. 

Fig. 11-30. Relationship between the 
pulse to be measured and the double- The time relationship between 
frequency sinusoid, the pulse and the sinusoid under 

these conditions is shown in 

Fig. 11-30. The corresponding expression for the per cent pulse 

width is 
C 

arc sin -D 
r 

% pulse width = -T X 100 - cy7 (11-52) 
3.6 ic 

In the measuring techniques which employ a sine-wave horizontal 
scan the accuracy of measurement depends upon the sweep being a 
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pure sine wave; hence extreme care must be exercised in the design of 
the horizontal-sweep amplifiers to ensure that nonlinear distortion is 
not introduced into the sweep. 

11 -22. Phase Shifter 

While a number of types of phase shifter may be used with the sine-
sweep measuring technique, the sim-
plest is that shown in Fig. 11-31. If d 
no current is drawn by the load across 
E. and if the impedance of I? and C is   
sufficiently high so that the transformer 
secondary acts as a constant-voltage 
source, then the following analysis is 
valid. 

Let b be a center tap on the transformer secondary. Then 

Fig. 11-31. Simple phase-
shift network. 

= Eb. = E1 

By Kirchhoff's voltage law, 

E. = IR — E1 

2E111 
— 
R — 3X. 

E. 2R R jX, 
El — R— jX, — = R — jX. (11-54) or  

whence = 11 2 arc tan (11-55) 
E, X, 

Equation (11-55) shows that, subject to the assumptions, the magni-
tude of the output voltage is independent of the values of R and C 
and remains equal to one-half of the total transformer secondary 
voltage. Furthermore, the phase of the output voltage relative to 
the applied voltage may be controlled by varying R. 

11-23. Dot Generator Technique 

Still another technique for measuring pulse widths is provided by 
the dot generator mentioned in section 7-16. The key to pulse meas-
urement is the establishment of a relationship between distance on the 
cathode-ray screen and time. With a 20-megacycle dot generator 
feeding the control grid of the test oscilloscope, the time base appears 

(11-53) 
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directly on the face of the screen in the form of bright dots spaced at 
0.05-microsecond intervals. The advantage of the method is that 
the precision of measurement is independent of the form of horizontal 
sweep and that errors resulting from parallax are eliminated. Use 
of the sine-wave type of sweep is desirable, however, because of its 
spreading action on the pulse, as viewed on the oscilloscope. The 
disadvantage of the method is that interpolation between the marker 
dots must be estimated. 

11-24. Pulse Cross Testing 

It is often desirable to have some means available in the control 
room of the television studio to check the supersync signal as a whole, 
rather than pulse by pulse. Such a means is afforded by the pulse 
cross test pattern, which provides an over-all view of the supersync 
wave in the region of the vertical blanking interval at the end of each 
field. Consider first the test circuit shown in Fig. 11-32. A black-

COMPOSITE VIDEO 

CONTROL GRID 

Fig. 11-32. Test equipment for producing the pulse cross test 
pattern. 

positive composite video signal is fed to the test unit, where the sync 
components are stripped off and fed to the deflection circuits. Notice 
that a delay network is incorporated in the sweep system. It serves 
to delay the vertical sweep for one-half a field interval so that the 
vertical retrace portion of the composite video signal will appear in 
the center of the monitor screen. In a similar manner the horizontal 
sweep is delayed so that the horizontal sync and blanking pulses are 
centered on the screen. 

Since the composite video signal applied to the control grid has a 
black-positive polarity, the sync portions of the signal tend to drive 
the reproduced image toward white. 1f, now, the d-c voltage on the 
cathode-ray tube grid is adjusted so that the pedestal level is just 
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visible on the screen, the picture components will be eliminated in the 
final image, which will appear as shown in Fig. 11-33. Inspection 
of the diagram shows the origin of the term pulse cross test pattern. 

In the diagram each component pulse is labeled so that it may be 
identified with its counterpart in Fig. 11-11. Improper timing or 
duration of any of the pulse components may be recognized immedi-
ately by a corresponding displacement in the cross pattern. 

Fe- f 
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I'm 

le- n Pie— 

d 

_1 

Fig. 11-33. The pulse cross test pattern. Dimensions shown are 
those of Fig. 11-11. The vertical scale is expanded for clarity. 



CHAPTER 1 2 

VESTIGIAL-SIDEBAND TRANSMISSION 

Before we can discuss the video transmitter intelligently we must 
first investigate the nature of the signal which the transmitter is 
required to deliver to the antenna. We have already seen that a 
relatively broad band is required by the composite video signal. 

When this amplitude-modulates a radio-frequency carrier, an even 
broader bandwidth is produced. Our chief interest in the first part 
of the present chapter is to investigate what means may be employed 
to fit this modulated video signal and its associated frequency-modu-
lated sound program into the 6-megacycle channel allowed by the 
Federal Communications Commission. In the analytical work which 
follows we shall assume the complex video signal to be replaced by a 
sine wave in order that a steady-state analysis may be used; this 
results in considerable simplification of the problem.' 

12-1. Amplitude Modulation 

In conventional amplitude modulation the radio-frequency carrier 

wave 

e, = A cos cut (12-1) 

is applied to the modulated amplifier stage. The modulating signal 

em = E. cos comt (12-2) 

is also applied to that same stage but in such a manner that the 
amplitude of the output wave varies sinusoidally about the mean 
value A and at the modulating frequency W.. Under these condi-

tions the R-F carrier is said to be amplitude-modulated, and the 
resulting wave is expressed by 

e = (A ± E. cos w„,t) cos cot (12-3) 

For a discussion of the transient aspect of the problem see R. D. Kell and 
G. L. Fredendall, "Selective Sideband Transmission in Television." RCA Re-
view, IV, 4 (April 1940). 

446 
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If e is plotted against time, the curve will be a cosine wave, whose 
amplitude varies cosinusoidally about the value A. 

Whereas (12-3) is a convenient expression for the modulated wave 
as far as the transmitter is concerned, it may also be expanded to 
another form, which has greater utility in the work which follows. 
Thus, we may factor A out of the parentheses and get 

e = A (1 ± cos co„d) cos cot 
A 

= A(1 ± m cos (.0„,t) cos cot (12-4) 

where m = modulation index = —A • (12-5) 

If, now, the double cosine product of the last equation is expanded, 
there results 

e = A [cos cot + 2— cos (co co,,,)t —2 cos (co — com)t] (12-6) 

carrier upper side lower side 
frequency frequency 

Equation (12-6) shows that the amplitude-modulated wave consists 
of three frequency components: the carrier and the upper and lower 
side frequencies. The last two components are identified by their 
frequencies, which are (co -I- co.) and (co — co.), respectively. Ex-
pressed in this form the wave allows us to investigate its bandwidth, 
which may be seen to be 

bandwidth of amplitude-modulated signal 

= (co -I- co„,) — (co — a.).) = 2com (12-7) 

that is, the amplitude-modulated wave requires a bandwidth equal to 
twice the bandwidth of the modulating signal. 

Let us see how such a double sideband wave could be fitted along 
with its audio program into a 6-megacycle channel. For the moment 
we shall adopt the following F.C.C. standards: 50 kilocycles allowed 
for the frequency-modulated sound signal and the audio carrier shall 
lie 0.25 megacycle below the upper limit of the channel. These 
standards place the lower limit of the aural signal 0.275 megacycle 
below the upper channel limit, thus the bandwidth left for the visual 
signal is 6 — 0.275 = 5.725 megacycles. Since we are transmitting 
two sidebands, this bandwidth of approximately 5.7 megacycles must 
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be divided equally between the two sidebands, and the carrier will lie 
4(5.7) = 2.85 megacycles above the lower channel limit as shown in 
Fig. 12-1. Clearly, then, the maximum video modulating frequency 
which may be used is only 2.85 megacycles if the signal is to remain 
within its specified 6-megacycle channel. As we shall see, this repre-
sents a very poor utilization of the allotted bandwidth. We desire 
some form of transmission which will permit a 4.5-megacycle maxi-

VIDEO AUDIO 
CARRIER CARRIER 

2.85MC 5.75MC 

3 4 
f IN Nic. 

Fig. 12-1. Double-sideband transmission within a 6-megacycle 
channel permits a maximum video modulating frequency of only 
2.85 megacycles. 

mum modulating frequency to be used. For the moment, however, 
we shall continue our investigation of the double-sideband system, 
which will serve as a basis of comparison for the more efficient—as 
far as bandwidth utilization is concerned—systems to be described. 
We next consider what happens to the signal (12-6) as it passes 

through the receiving equipment up to the final detector. In general, 
these predetector stages do not have ideal response characteristics 
and will modify the amplitude and phase of each component of the 

signal. This distortion, resulting from the predetector stages, may 
be represented in the following manner. Let 

B(fi) = over-all amplitude response at frequency fi of all the 
predetector stages, and 

eh) = over-all phase shift at frequency fi caused by all the pre-
detector stages, 

then the modulated wave delivered to the final detector will be ei. 

ei = A {B(f) cos [(of d)(f)] 

B(f -Ff.) cos [(co ± co.)1 +b.)] 

11 — f.) Cos — co.)t — fm)]} (12-8) 
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We shall assume that the detector is of the diode type and ideal. 
Then, if m is not too small, the output of the detector will be simply 
the envelope of the wave applied to the detector. Our problem then 
is to manipulate (12-8) into the general form 

el = V cos (cot ± 0) (12-9) 

where V is a function of time and, by comparison to (12-3), is seen 
to be the envelope which we seek. To simplify our work we let 

W = cos [(w ± co.)1 có(f ± 1.)] (12-10) 

Then, adding and subtracting 0(f), 

W = cos [(co ± com)t ± (f ± 1.) +  
= cos { [cut + (1)(f)] [±w.t ± de ± fin) — cienl 

{comt ± [0(f ± fin) — «MI} 
= cos {[wt o(f)] (12-11) 

— 4'J ± [cie — caf — .f.)] 

Equation (12-11) may be simplified by virtue of a characteristic 
common to almost all properly tuned radio-frequency amplifiers: 

Fig. 12-2. Typical response characteristics of tuned amplifiers. 
The amplitude response exhibits even symmetry and the phase 
response exhibits odd or skew symmetry. 

their amplitude and phase response characteristics exhibit symmetry 
about the carrier frequency, co, as shown in Fig. 12-2. Taking 
advantage of this fact we may write 

B = BU 1.) = B(f — f.) 
(12-12) 

and 4, = [o(f + 1,0 — 4,(f)] = [4,(f) — 4,(f — 1.)] 
and, substituting into (12-11), we get 

W = cos { [cot ± ct,(f)] ± [(0.1 + 4)11 

= cos [cot + 4)(f)] cos [(.0,„/ ck] sin [cot + (1)(f)] sin (w„,t + (4) 
(12-13) 
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Then, substituting (12-13) into (12-8), we get 

= A {B( f) cos [cot ± 0(f)] 

mB 
+ —2 cos [wt o(f)] cos (comt ± (6) 

▪ -3-2 cos [cot ± en] cos [comt 

= A 1B( f) mB cos (co„,/ 4,)) Cos [cot ± ik(f)] (12-14) 

and the envelope is 

V = A B(f) mB cos (cum/ ± 4,) (12-15) 

This envelope which appears across the detector output consists of a 
d-e component AB( f) and an a-c component 

AmB cos (come ± 4)) = BE m cos (comt ± 4)) (12-16) 

The d-c component may be removed by a series blocking condenser 
and the final output consists simply of the a-c component given by 
(12-16). On comparing this output with the original modulating 
signal, we note that they are the same except that the amplitude has 
been changed by a factor B and the phase shifted by ¢). When we 
think in terms of a single modulating component as presumed in the 
analysis, this seems to be of no importance. But remember, with 
the actual television signal we have a whole band of frequencies 
rather than a single frequency in the modulating signal; hence we 
must interpret (12-16) as a curve of amplitude and phase plotted 
against modulating frequency. These curves, of course, will have 
the same shape as those of Fig. 12-2, and are dependent upon those 
stages of the over-all system which lie between the modulated ampli-
fier at the transmitter and the detector at the receiver. It follows 
from our previous work that if B is independent of frequency over the 
entire spectrum of the signal and if ct, is linear with frequency over the 
same range, the wave form of the detected wave will be identical with 

that of the original modulating signal. 
We may sum up these results. In amplitude modulation the 

modulated carrier requires a bandwidth equal to twice the highest 
modulating-frequency component. After passing through ideal am-
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plifiers, the radio-frequency wave may be detected or demodulated 
by a linear detector. In the ideal case the shape of the detected out-
put is identical to that of the original modulating signal. Theoreti-
cally, the double-sideband system of transmission is distortionless; 
its disadvantage is its failure to provide maximum utilization of the 
radio-frequency spectrum. We shall use these characteristics as a 
yardstick for measuring the performance of other systems of trans-
mission. 

1 2-2. Single-sideband Transmission 

Inspection of eq. (12-6), which is the expression for the amplitude-
modulated wave, shows that the quantities mA = E. and co. are 
contained in both of the sideband terms. Since E. and coni uniquely 
specify the cosinusoidal modulating signal (12-2), it is immediately 
apparent that the modulation information is present in both of the 
sidebands. Mathematically, at least, it would appear that either 
sideband could be eliminated, with a 2 to 1 saving in bandwidth, and 
still sufficient modulation information would be present for satis-
factory demodulation to take place at the second detector in the 
receiver. Let us investigate this possibility to see if an undistorted 
output signal can be obtained. As a matter of convenience we shall 
assume that the double-sideband output of the modulated amplifier 
at the transmitter is passed through some sort of a filter network so 
that the lower sideband is completely suppressed. The remaining 
signal, consisting of the carrier and upper sideband, is then delivered 
to the receiver and passed on finally to the second detector. Notice 
that we can accomplish these effects mathematically by letting 
B(f — f.) go to zero, which provides complete suppression of the 
lower sideband. If, then, we let 52 be the single-sideband wave 
delivered to the detector, we have from (12-8) that 

e2 = A {B(f) cos [cut ± ci,(f)] 

B(f 1.) cos [(co + 0).)t cp(f f.)]} (12-17) 

Then, utilizing our previous expansion for the second cosine term, 
we have 
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e2 = A {B(f) cos [cot + d)(f)J 

9i1-1 B(f f.) { cos [cot ± cti(f)] cos [comi ck(f f ni)] 

1 - - sin [ut + o(f)] sin [comt 4- 0(.1. + fm)] l (1218 ) 

Notice that the argument [cot ± en] occurs in each term of the 
expression, and the terms may be regrouped as follows: 

e2 = A 1{B(f) + -Ike B(f f.) cos [comt e(f fm)]} cos [cot + en] 

_e B(f fm) sin [comt + 4)(f + f.)]} sin [cot ± 0(.1 
2 

Equation (12-19) is of the general form 

e2 = C cos x S sin x (12-20) 

(12-19) 

and since cos x and sin x are separated by 90°, the two terms may be 
combined and e2 reduced to the form 

e2 = V cos (x - 0) (12-21) 

where V = envelope = 
S 1 (12-22) 

and = arc tan - 
C 

c cosx+ssmx = vcos ( x-e) 

Fig. 12-3. The cosine and sine terms, C and S, may be combined 
into a single cosine term, which lags C by an angle O. 

The basis for these relationships is shown in Fig. 12-3. The envelope 
of (12-19), which is the demodulated output of the detector, will be 
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V = 21{B(f) B(f f .4) cos [wmt .f.)]}2 

B(f 1.) sin 

= 4132 (f) {-mi B2( f f.) 

mB(DB(.1. ± 1.) Cos [come + 4)( f fm)]} 

[..t + o(f + .f.)]}2 

(12-23) 

In general, m, the modulation index, will be less than unity and 
(12-23) may be simplified by means of the binomial expansion; thus, 

a)112 = a 1/2 ± 4a -1/2a ± (12-24) 

or, applying this expansion to the radical in (12-23), we have 

V A {B(1) + 8 m2 132(i1.3(±n 1m) 

B(f 1.) cos [wmt d)(f fm)]} (12-25) 

Once again the d-c terms may be removed with a blocking condenser 
and the final demodulated a-c output is 

AmB(f f .)  cos [(.0.1 cp(f fm)] 
2 

E. 
= B(f 1.) 2 — cos [comt 00. ± .G0] (12-26) 

The approximation in (12-25) is the result of the fact that the higher 
order terms in in are neglected because of their small amplitudes. 
Subject to this assumption, the output of the single-sideband system 
is seen to be identical to that of the double-sideband system except 
that the amplitude of the output in the former case is smaller by a 
factor of two. This result is quite reasonable, for (12-18) shows that 
the modulation power is divided equally between the two sidebands. 
If one of them is suppressed, only one-half of the output signal will 

result. 
We may summarize the results for the single-sideband system of 
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transmission. If m is small so that the higher order terms in m of the 
expansion of (12-23) are negligible, the transmission of a single side-
band of an amplitude-modulated signal and its subsequent detection 
will ideally yield a distortionless reproduction of the modulating 
signal wave form. The magnitude of the detected voltage will have 
only one-half the value obtained in the double-sideband system; the 
saving in bandwidth is 2 to 1. 

It is interesting to observe how this saving in bandwidth affects 

the utilization of the 6-megacycle channel width specified by the 
F.C.C. Using our previous figures, we see that the entire spread of 

5.7 megacycles may be used for 
AUDIO  CARRIER only one, rather than two, side-

535 bands, and the maximum video-
MC 

modulating component is raised 
from 2.85 to 5.7 megacycles. 

o 2 3 4 5 6 Channel utilization for the 
MEGACYCLES single-sideband system is illus-

Fig. 12-4. Suppression of the lower trated in Fig. 12-4. 
sideband at the transmitter doubles the i maximum video modulating frequency Its an unfortunate fact that 
permissible in a 6-megacycle channel, the advantages of single-side-

band transmission cannot be 

utilized in practice—at least at the present state of the television 
art—because it is impossible to design a filter structure which can 
provide a perfectly sharp cutoff and still maintain a constant delay 

characteristic throughout the entire pass band. It can be shown 
that sharp cutoff and constant delay are incompatible. Nevertheless, 
the advantage of the single-sideband system is sufficiently attractive 
to force a compromise of some sort. Such a compromise is the 
vestigial-sideband system, which is used in commercial practice. 

1 2-3. Vestigial-sideband Transmission 

In any system of transmission we try to adjust conditions so that 
the detected output has the same variation with time as the modu-
lating signal. In building up the concept of the vestigial-sideband 
system we shall consider the effect of various types of sideband 
characteristics on the output signal from the detector. When we 
have found a combination which gives an undistorted output, we 
shall work backward toward the transmitter to determine the type 
of sideband suppression that gives these conditions. The final chan-

nel-utilization diagram may then be drawn. 

VIDEO 
CARFVER 

UPPER SIDEBAND 
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We have stated that sharp-cutoff, linear-phase filters cannot be 

designed and that single-sideband transmission must be ruled out. 

As a starting point let us compromise: instead of cutting off the signal 

abruptly just below the carrier, let us design a filter that cuts off 

gradually, maintaining a reasonably constant delay characteristic. 

We shall increase the bandwidth of the transmitted signal slightly 

in order to permit the utilization of a filter, which is feasible. 

Let the characteristics of all the networks between the modulated 

amplifier and the detector be those shown in Figure 12-5a. Notice 

VIDEO 
CARRIER 

A 
' - 15 ' 

B (fi.) 

(fi.) 

If I I' I 
(f-3s) f (f+.75) 

MC (-F+f2) (f+14;) Mc (f+f2) 

(a) (b) 

Fig. 12-5: Response curves for two types of vestigial-sideband 
transmission. (a) B(f) and ff,) for Case I. (b) B(f.) and fk(f.) for 
Case II. 

that the entire upper sideband plus a small part or vestige of the lower 
sideband is applied to the detector; hence the term vestigial-sideband 
system. How will this vestigial-sideband characteristic affect the 
final demodulated signal? Clearly, frequencies which lie below the 
visual carrier are affected differently from those above it; hence we 
shall carry through the analysis for two modulating components, one, 

less than 1.5 megacycles, and the second, f2, greater than 1.5 mega-
cycles. Reading directly from the diagram we have the following 
relationships: 

For f B(f) = B 

Foi- fi B(f + = B 0(f + fi) = 1 (12-27) 

B(f = aB (6( — fi) = — 01 

Then, substituting these values into (12-8), we have for e2, the 
voltage delivered to the detector when the modulating frequency is 
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e. = A cos cut ± B cos [(co ± c(01 ± (14] 

-1- 12L1 aB cos [(w — wi)t — 44]} 

= cos cot ± 72L1 B cos [wt ± (wit ± 44)] 

▪ aB cos [cot — (wit ± 44)]} 

= A{B cos cot + B [cos cd cos (wit ± 44) 

— sin wt sin (wit ± 00] 

+ 2— aB [cos cut cos (wit ± 44) 

± sin wt sin (wit ± 01)4 (12-28) 

Since we once again will try to evaluate the envelope of (12-28), 
it is convenient to collect terms about cos cot and sin wt; hence, 

e2 = A eB + 11 B cos (colt ch.) IL4 aB cos (wit cos cot 2 2 

[— 122-z- B sin (wit ± 4),) 72Le aB sin (wit 

= A {[B 921i (1 a)B cos (cult ± <>Oleos cut 

— [72" ( 1 — a)B sin (wit + ei)1 sin cot} (12-29) 

By eq. ( 12-22) the envelope will be 

V =- A Ni.B2 + m(1 ± a)B2 cos (wit + 44) 

± 00] sin wt} 

+ B2[(1 a)2 cos2 (wit + gbi) ± (1 — a)2 site (wit ± mi)] 

(12-30) 

Since the system is predominantly of a single-sideband type, m will 
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generally be small and the term involving m2/4 in ( 12-30) may be 
assumed to be negligibly small. Then, applying the binomial ex-
pansion to the first two terms under the radical, we have finally for 
the envelope of the wave 

V A[B (1 a)B cos (wit 4,i) 2 (12-31) 

and the final a-c component delivered by the detector is 

Am 
—2- (1 a)B cos (we + del) = (1 + a)B cos (wit + 44) (12-32) 

The last equation completes the analysis for the modulating signal of 
frequency fi < 1.5 megacycles. For the second modulating signal 
for which f2 > 1.5 megacycles we may write the result directly, for 
note from Fig. 12-5a that at f2 the system is precisely of the single-
sideband type: the lower sideband is completely suppressed. From 
the diagram 

= B 

B(f- f2) = 0 

0(1 + 12) = 
(12-33) 

Substitution of these values into ( 12-26) yields the following result 
for the final demodulated a-c output: 

—E". B cos (co21 ± 02) (12-34) 
2 

The results just derived indicate that the vestigial-sideband system 
is ideally capable of distortionless operation (subject to m2/4 being 
negligible), except that the system is not "flat"; for every modulating 
frequency below 1.5 megacycles 
the output will be too large by 
a factor (1 ± a). This result 
is to be expected since for the 
fi type components two side-
bands contribute to the out-
put, whereas for the f2 type 
the output is the result of the 
upper sideband alone. The net 
effect is that a form of pre-
emphasis exists as shown in 
Fig. 12-6. 
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Fig. 12-6. The Case I system is not 
"fiat"; the amplitudes of components 
below 1.5 megacycles are pre-empha-
sized. 
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Notice that if we can make the amplitude characteristic flat, the 
vestigial sideband will be quite satisfactory, provided that m remains 
small. Out immediate problem, then, is to so locate the cutoff portion 
of the B(fi) curve in Fig. 12-5a relative to the carrier that the relative 
amplitude of the demodulated signal will remain constant for all 
values of modulating frequency. 

Consideration of the problem will show that the desired result may 
be obtained by centering the cutoff portion of the B(fi) curve on the 
carrier frequency as shown in Fig. 12-5b. Then, if the cutoff charac-
teristic exhibits odd symmetry about the point (B/2, f) for any 
modulating frequency fi < 0.75 megacycle, we have 

for fi B(f - fi) =- (1 — a).8 (1)(f fi) = (14 

B( f — f = aB d)(i. — fl) = — 01 

and for f B(f) = (,,( f)=. (12-35) 

and the modulated signal delivered to the second detector will be 
from ( 12-8) 

e2 = A{—B cos wt + —2 (1 — a)B cos [(w wi)t (1)1] 
2 

aB cos [(w — wi)t — (12-36) 

This expression may be reduced by application of our previous meth-
ods to 

ex = A{[ -I22 -1- 12. (1 — a)B cos (wit 4- (lei) aB cos (wit ± 001 cos wt 

[717 ▪ - (1 - a)B sin (wit + 

9)1 
▪ - aB sin (wit mil sin cot} 
2 

Then, combining terms, we have 

B m 
e2 = A{[— — B cos (wit ± Oil cos cot 

2 2 

• — [(1 — 2a)B sin (wit ± sin co/1 
2 

(12-37) 

(12-38) 
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By our previous methods the envelope V will be 

V A[î 1 2 mB2 cos (wit ± B  

and the final a-c component is 

AmB cos (wit + cki) = E B cos (wit ± ei) (12-40) 
2 2 

(12-39) 

In order to see whether the system is flat, we must calculate the 
output corresponding to a modulating frequency f2 > 0.75 mega-
cycles. For such a frequency, the system is single-sideband and 

for f2 B(f f 2) = B 0(f f 2) = 02 

B(f — f2) = 0 

The final a-c output voltage is 

E. 
-§- B cos (w2t 4)2) (12-42) 

Since the coefficients in (12-40) and (12-42) are equal, the system just 
described is flat, and theoretically may be made distortionless, pro-
vided that m is sufficiently small. 

It is important to state once again the properties of the B(fi) curve 
which produces a flat system; the curve exhibits odd symmetry about 
its intersection with the carrier frequency axis for a frequency range 

extending from 0.75 me below to 0.75 mc above the carrier. Under 

this condition 

B(f fl) B(f — f1) = B (12-43) 

Thus the sum of the amplitudes of the two sidebands for any fi < 0.75 
megacycle is always equal to the amplitude of the upper sideband for 
any modulating signal of frequency f2 > 0.75 megacycle. This fact 
is demonstrated mathematically in the transition from eq. (12-37) 
to (12-38), where the coefficients (1-a) and a add to give unity. 
Remember, we have only considered the problem at the second 

detector. We know the type of vestigial-sideband signal, which, 
when applied to the second detector, gives the correct output-voltage 
shape. We must now determine what type of signal must leave the 
transmitter to give this condition in the receiver. 
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RECEIVER AND TRANSMITTER 
ATTENUATION 

In general, there are two practicable methods of delivering the 
proper form of vestigial-sideband signal to the second detector in 
the receiver. In the first, or Transmitter Attenuation (T-A), sys-
tem the required attenuation of the lower sideband, as specified by 
(12-43), is performed at the transmitter end of the television net-
work. In the second, or Receiver Attenuation (R-A), system the 
necessary attenuation takes place at the receiver. Both systems 
will give the identical signal at the second detector. We next in-
vestigate each of them to determine which affords the optimum 
compromise for commercial telecasting. 

12-4. Transmitter Attenuation 

Of the two proposals made in the last paragraph the first or T-A 
system is the more obvious. Figure 12-5b shows the characteristics 
required of the signal; hence if a filter system having these charac-
teristics is placed at the transmitter following the modulated ampli-
fier, the lower sideband will be attenuated and the radiated signal will 
meet the specifications. Such a system requires of the receiver only 
that its several predetector stages be reasonably free of distortion. 
The characteristics required of the transmitter filter and of the 
receiver predetector stages are illustrated in Fig. 12-7. 
To aid the discussion which follows it is convenient to define b as 

the upper cutoff frequency, whose value we have not as yet deter-
mined. Notice then that if we include the d-c component in our 

VIDEO 
CARRIER 

B 

NOT 
SPECIFIED \ 

VIDEO 
CARRIER 

NOT 
SPECIFIED\ 

-.75 0 +.751 2 3 4 $ -.75 0 1 2 3 ; 
f) IN MC (f1-f) IN MC 

(a) (b) 

Fig. 12-7. Characteristics required for the T-A system of ves-
tigial-sideband transmission. The position of the upper cutoff is not 
specified. (a) Characteristics of the transmitter filter. (b) Ideal-
ized characteristics of the receiver predetector stages for no distor-
tion. 
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discussion, the total bandwidth occupied by the modulating signal is 
identically equal tof,. This point is also of benefit in the work which 
follows. Let us list some of the principal features of the T-A system. 
At the transmitter: 

(1) A filter of critical design which can handle transmitter power 
levels is required. 

(2) The carrier level is reduced to one-half the maximum signal 
level. 

At the receiver: 

(1) The bandwidth required is greater than ft. 
(2) No special cutoff characteristic is required. 

12-5. Receiver Attenuation 

The less obvious method of producing the necessary vestigial-
sideband signal at the second detector requires the transmitter and 
receiver characteristics shown in Fig. 12-8. Notice that the filtering 

J 
VIDEO 
CARRIER 

VI) 

-125 -75 

NOT 

SPECIFIED...I. 

2 3 
(t).-r)IN MC 

5 

VIDEO 
CARRIER 

NOT 
SPECIFIED 

,e 

-.75 0 +35 2 3 4 
(11-f) IN MC 

(a) (b) 

Fig. 12-8. Characteristics required for the R-A system of vestig-
ial-sideband transmission. (a) Transmitter characteristics. (b) Re-
ceiver characteristics. 

required at the transmitter is less critical than it was in the T-A case 
but at the same time the receiver design becomes more complicated. 
The chief features of the R-A system follow. 
At the transmitter: 

(1) A filter of less critical design is required. 
(2) The carrier level is at the maximum signal level. 

At the receiver: 

(1) The required bandwidth is greater than fc but less than that of 
the T-A system. 

(2) A special cutoff characteristic is required. 
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12-6. Comparison 
The two schemes of vestigial-sideband transmission may best be 

compared by superimposing their transmitter and receiver character-
istics. In combining Figs. 12-7 and 12-8 we make the carrier levels 
the same in both cases. If we assume that the final transmitter stage 
in each system uses the same tube, the upper sideband amplitudes for 
the T-A plan have twice the amplitude or four times the power of the 
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12-9. The T-A and It-A characteristics are superimposed for 
eomparison. (a) Transmitter. (b) Receiver. 

R-A system. Since the output voltage at the detector is proportional 
to the sideband voltage, this means that, in theory at least, the T-A 
system provides a 4 to 1 apparent power gain over the R-A system. 
Notice that the apparent gain is not obtained by increasing carrier 
power, which is assumed to be the same in both cases; hence the 
apparent gain is obtained without added interference to other types 
of radio service in the same area. From the power point of view, 
then, the T-A system has the advantage. 

In regard to transmitter filter design, the R-A system is simpler; 
in fact, experience seems to indicate that the T-A characteristic can be 
obtained only at relatively low power levels. This, in effect, means 
that T.A. requires low-level modulation and filtering, followed by 
broad-band linear power amplifiers, which serve to raise the level of 
the filtered signal. In R.A. high-level filters may be designed to meet 
the less rigid specifications; thus R.A. provides more flexibility in the 
design of the transmitter. 

Consider next the requirements on the receiver. We shall see in 
Chapter 14 that any filtering action is confined almost exclusively 
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to the I-F amplifiers; thus the curves of Fig. 12-9b may be interpreted 
as the I-F pass characteristics. Notice that T.A. requires the broader 
I-F bandwidth, which shows up in performance as a lowered signal to 
noise ratio, which to a certain extent cancels out a substantial portion 
of the apparent power gain at the transmitter. The relative band-
widths have an even more important effect on the choice between the 
two systems. We shall find in Chapter 15 that the gain-bandwidth 
product for a given tube operating into a given type of plate load 
(i.e., single-tuned or double-tuned) is constant. In T.A., each stage 
must have a wider bandwidth; hence the gain per stage will be less 
than for R.A. Thus a T-A receiver will in general require more I-F 
stages than will an equivalent R-A receiver. On this basis alone the 
R-A receiver should be cheaper. 

In regard to the shape of the I-F characteristics, the R-A system 
requires that condition (12-43) be met, a fact that reduces the cost 
differential between the two systems. In T.A. the sharp cutoff at the 
lower end of the band must provide greater attenuation in order to 
protect the video signal from the sound program of the next lower 
telecast channel. 
Faced with these conflicting factors, the National Television Sys-

tem Committee recommended that the R-A system be adopted as the 
standard. In spite of the fact that the need for the special filtering 
characteristic in R.A. violates the cardinal rule of simplifying the 
receiver at the expense of the transmitting equipment, the choice was 
predicated chiefly on the following factors: R.A. had been proved by 
numerous field tests, and at the time of the Committee meetings it 
was the consensus that the R-A receiver would be less expensive 
than its T-A counterpart. The R-A system of vestigial-sideband 
transmission has been adopted as standard in the United States. 
The bandwidth-utilization diagram is, of course, based on the trans-
mitter characteristic and is shown in Fig. 12-10. Notice that the 

VIDEO CARRIER AUDIO CARRIER 
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Fig. 12-10. Utilization of the 6-megacycle telecast channel with 
R-A vestigial-sideband transmission. 
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maximum permissible video signal is slightly less than 4.5 megacycles, 
a value which lies between the 2.85 and 5.7 megacycles of the double-
and single-sideband systems, respectively. Thus the vestigial-side-
band system of transmission provides the required compromise. The 
permissible video bandwidth has been reduced slightly in order that 
the design characteristics of the filter, which attenuates the lower 
sideband at the transmitter, are eased. 

It should be realized that the R-A transmitter characteristic shown 
in Figs. 12-8 and 12-9 is idealized and it is desirable to set up stand-
ards to which a transmitter must conform within• certain tolerances. 
This is most conveniently done in terms of an ideal detector, which 
may be used to check the transmitter output. In the early part of 
the chapter it was shown that, for small values of modulation index, 
the detector output at any modulating frequency is proportional 
to the sum of the sideband amplitudes corresponding to that modulat-
ing frequency. Thus, if an ideal detector were used to measure the 
characteristic of an ideal transmitter which meets the pass-band 
requirements of Fig. 12-8 exactly, the curve of rectified voltage v. 
modulating frequency would appear as shown in Fig. 12-11a. At 
first glance this curve seems to be of odd shape but consider the 
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Fig. 12-11. The standard transmitter characteristic is specified 
in terms of the output of an ideal linear detector connected across the 
filter output. Notice that the phase response (and hence the tran-
sient behavior) is not specified. (a) Rectified voltage v. modulating 
frequency for a transmitter having the ideal R-A characteristic shown 
in Fig. 12-8. (b) Tolerances are specified relative to the ideal curve 
at five frequencies. 
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following: For modulating frequencies from 0 to 0.75 megacycle two 
sidebands of full strength are transmitted. For modulating signals 

in the range of 1.25 to 4 megacycles only the upper sideband is trans-
mitted; hence the output in the upper range is one-half that of the 
lower range as indicated by the shelves labeled 0 and ® in the dia-
gram. For modulating frequencies between 0.75 and 1.25 megacycles 
the amplitude of the lower sideband tapers off with increasing modu-
lating frequency. This tapering sideband added to the full-strength 
upper sideband gives the transition from the 1 to the 0.5 relative 
voltage level between 0.75 and 1.25 megacycles in Fig. 12-11a. The 
tolerances for the actual transmitter curve are expressed in terms of 
this idealized detector-output voltage curve. In general, the relative 
values are plotted in decibels, 0 decibel, or reference, level being that 
corresponding to the value between 0 and 0.75 megacycle on the ideal 
curve. The specified tolerances are indicated in Fig. 12-11b by the 
X 's. It is further specified that in the actual transmitter the curve 
shall be smooth between the indicated points except for frequencies 
between 0.75 and 1.25 megacycles. The voltage of the lower sideband 
for modulating frequencies in excess of 1.25 megacycles must be at 
least 20 decibels below the reference level. It should be observed that 
current standards of the transmitter amplitude-frequency charac-
teristic are quite mild. It should also be noticed that no specification 
is made on the phase characteristic of the transmitter; thus the 
transient response is not specified. The intention is to provide con-
siderable flexibility at the present time and to raise the requirements 
in pace with progress in the art of transmitter design. A more com-
plete discussion of the receiver characteristic is included in Chap-
ter 14. 

VESTIGIAL-SIDEBAND FILTERING 

We have seen that the use of vestigial-sideband transmission of the 
R-A type permits the transmission of a 4- to 4.5-megacycle video 
bandwidth in the allotted 6-megacycle R-F channel, and that the 
radiated output of the transmitter must conform to the rather broad 
standards shown in Fig. 12-11. Since the modulated amplifier at 
the transmitter inherently generates two full sidebands, some sort of 
filtering action must be provided to suppress the lower sideband in the 
required manner. In general, this filtering action has been provided 
in two ways. (1) Modulation is carried out at a low power level and 
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lower sideband suppression is provided by off-center-tuned, linear 
R-F amplifiers. (2) Modulation is carried out at a high power level 
and a vestigial-sideband filter is interposed between the final R-F 
stage and the transmitting antenna system. We consider these two 

methods in order. 

12-7. Off-center Tuning 

It is well known that the magnitude of the output voltage of any 
network is equal to the product of its pass or amplitude characteristic 
times its input voltage. This fact may be utilized to suppress the 
lower sideband of an amplitude-modulated signal. Consider the 
curves of Fig. 12-12, which illustrate the principle involved. In 
passing through the tuned amplifiers, both sidebands are modified by 
the amplifier response. Since the amplifiers are tuned above the 
video carrier frequency, a large portion of the upper sideband is 
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Fig. 12-12. Filtering by off-center tuning. A portion of the 
lower sideband is removed by tuning the linear amplifiers that follow 
the modulated stage to a frequency higher than the video carrier. 
Considerable control of the final pass band is available in the design 
of the amplifier stages. (a) Double-sideband output of the mod-
ulated amplifier. (b) The linear amplifiers are tuned to a frequency 
higher than the video carrier. (e) The final signal is the product of 
(a) and (b). 
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passed, and the lower sideband is reduced by a corresponding amount. 
By proper choice of the number of amplifier stages and proper design 
of their pass characteristics, the resulting signal of c in the diagram 
may be made to conform to the standards specified in the last section.2 
Use of this method of reducing the width of the lower sideband is 
discussed in Chapter 13. 

12-8. Type A or Crossover Filter 
The lower sideband from a modulated amplifier may also be re-

moved by inserting a suitable filter between the transmitter and its 
antenna. In the present section we consider a typical filter of this 
type.3 In order that the energy of the suppressed portion of the 
• lower sideband be prevented from causing reflections along the trans-
mission line, it is good practice to dissipate that energy in a resistor 
separate from the antenna system. It was also considered important 
in the early development of the art to design a filter whose input 
impedance remains substantially constant over the entire band of 
operating frequencies, i.e., over both the pass and reject bands of 
the filter, in order to eliminate reflections. Clearly, these charac-
teristics are not met by conventional filters of the constant-k or 
in-derived category; in each case these filters present a reactive input 
impedance in the reject band of frequencies, a situation which results 
in multiple reflections between the transmitter and the filter. 
The objections to these conventional filter types may be overcome 

by using a "frequency divider" or "crossover" network of the con-
stant resistance type'. One basic form of such a crossover network 
is shown in Fig. 12-13a. We first demonstrate that the input im-
pedance of the network is constant, independent of frequency. Read-
ing from the diagram we have 

  R,, — co2LCR. jcaL  
= jcola (12-44) 

1 + jcoCR,, — 1 + jwCR. 

1 jcaLR,, R. — co2LCR,, jcol,  
and Z2 = .  - jC 

wR„ jc»C . jcoL w2 LC (12-45) 

2 For information about response curves of multiple-tuned amplifiers and the 
effect of cascading several identical stages, see F. E. Terman, Radio Engineering, 
3d ed. New York: McGraw-Hill Book Co., Inc., 1947, chap. 7. 

G. H. Brown, "A Vestigial Sideband Filter for Use with a Television Trans-
mitter." RCA Review, V, 3 (January 1941). 

F. E. Terman, Radio Engineers' Handbook. New York: McGraw-Hill Book 
Co., Inc., 1943, p. 250. 
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L= L  

CE CI= C2 
iJ 217' fc Ro 

RI= R2= R o 
(b) 

102-8 

3 RANTEN NA 

C 

(a) 
Fig. 12-13. Basic structures of the Type A vestigial-sideband 

filter. (a) A basic form of the constant-resistance crossover net-
work. As viewed between the input and R2, the structure behaves 
as a high-pass filter. (b) A sharper crossover may be obtained by 
utilizing series-resonant branches. 

Then the input admittance, will be 

1   - 1 1 (1 - w2LC) j2coCR0 
Yin - -r Z2 (1 - Ro . (12-e) 

-LC) —Ro 

Now from the definitions for L and C in the diagram we have that 

whence 

1 
- 2R„C 

1/2/rf, - R. 

coL 
— = 2wCR. 
R. 

(12-47) 

Thus the bracketed factor of (12-46) is unity, and the input im-
pedance of the network is constant and equal to Ro. 
We next consider the filtering action of the network. Let R2 rep-

resent the transmitting antenna and R1 a dissipating resistor of the 
same value. At low frequencies the reactance of L1 is low and the re-
actance of C2 is high and current flows through RI. In the Z2 branch 
of the circuit C1 offers a high reactance, and the reactance of L2 is low, 
tending to short out R2. Thus at low frequencies little current flows 
through R2 and most of the input power is dissipated in RI. 
As the frequency of the input signal is raised, the two shunt net-

works gradually interchange roles until finally, at a sufficiently high 
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frequency, almost all of the input power is delivered to the antenna. 
At the crossover frequency, fr, in Fig. 12-13a, the power is divided 
equally between R1 and R2. Notice then that akt the applied signal 
frequency is lowered, the input power is gradually transferred from 
the antenna to the dissipating resistor. As viewed from the antenna 
and input terminals, the entire crossover network appears as a f our-
terminal, high-pass filter. Thus, in general terms, the system of 
Fig. 12-13a meets the requirements of the vestigial-sideband filter. 
We have pointed out, however, that the crossover effect is gradual 
and unfortunately the cutoff in the equivalent high-pass filter is not 
sharp enough to meet the R-A requirements. This shortcoming may 
be remedied by modifying the basic structure slightly as shown at b 
in the diagram. 
The sharper cutoff, which may be obtained by shunting the two 

resistances with series resonant circuits, is had at the expense of the 
constant input resistance. The series impedance branches can satisfy 
the design equations at a pair of frequencies only, and as a con-
sequence the input impedance varies with frequency to a certain 
extent. By proper design, however, this variation may be mini-
mized, and the circuit gives quite satisfactory results. 

The actual design is based on three frequencies. 

= lower limit of the R-F channel 

/2 = + 1 megacycle (12-48) 

13 = — 1 megacycle 

The circuit constants are chosen to meet the following conditions: 

LI and C1 

L2 and C2 

L3 and C3 

I XL, I = Ro 
at fi 

I Xei I = R. 

1 
w2L2 — 0 at f2 

W2(. 2 

co3L2 

W3I,3 - 

W2L3 - 

W3C2 

1 

1 
= —Ro at f3 

at h 

at .12 

12-19) 
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It will be noticed that the six equations just stated may be combined 
to give the design values of the several lumped parameters. Actually 
we shall see that this step is unnecessary. 

It is interesting to observe the behavior of the circuit at the two 
critical frequencies h and f3. Figure 12-14 shows the equivalent 
circuits at these two frequencies. At 13, which is in the reject region 
of the lower sideband, L3 and C3 are series-resonant and short out the 
antenna to which no power will be delivered. Notice also that the 

..j Ro (APPROX) 

ROISSIPATIVE 4-j R0 

- jR0 

RANTENNA 

Fig. 12-14. Behavior of the Type A filter at the critical fre-
quencies f3 and h. (a) At f3 the circuit appears as a low-pass filter 
feeding the dissipating resistor. The antenna is shorted out by L3 
and C3 (Fig. 12-13), which are series-resonant. (b) At f2 the circuit 
appears as a high-pass filter feeding the antenna. The dissipating 
resistor is shorted out by Id2 and C2 (Fig. 12-13), which are series-
resonant. 

right-hand end of C1 will be grounded and the network appears as a 
low-pass filter feeding the dissipating resistor. Observe that the re-
actance values are shown for f3 only. At 12, which lies in the pass 
band, the dissipating resistor is shorted out and the circuit appears as 
a high-pass filter feeding the antenna. Notice, then, that a complete 
crossover or cutoff occurs between12 and h, a spread of 2 megacycles. 
In the final filter the cutoff is made even steeper by the addition of 
notching filters, which are described in a later section. 

12-9. Calculation of the Distributed Constants 

If any of the circuit inductance or capacitance values are evaluated 
for a typical It-F channel, it will be observed that the magnitudes are 
in the order of a few microhenries and tens of micromicrofarads. The 
problem of building a filter with these values of lumped circuit con-
stants, which at the same time can be adjusted accurately and which 
can handle up to a kilowatt of power, is formidable. As a result the 
lumped parameters are generally replaced by sections of transmission 
line of the proper dimensions. A physical structure may be fabri-
cated with less difficulty from the coaxial form of line than the parallel 
wire type. We next consider the reactance characteristics of such a 
line. It is well known that the input impedance of a lossless trans-
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mission line of either the coaxial or parallel form with length 1 and 
characteristic impedance Zo is given by5 

27r1 ' 
ZR iZo tan — 

X  
Zin = Zo (12-50) 

± j 27r1 ZR tan -j-

where ZR = terminating impedance, 

X = wavelength of the applied signal on the line. 

For the coaxial line with air dielectric, Zo is a pure resistance equal to 

= 138 log -cib (12-51) 

where b = inner diameter of the outer conductor, 
a = outer diameter of the inner conductor. 

If the far end of the line is short-circuited (ZR = 0), the input im-
pedance becomes 

Zio = -1-jR0 tan — Short-circuited Line (12-52) 
X 

and if the far end is left open (ZR—>00), Zi„ becomes 

Zio = —jRo cot —2):1 Open-circuited Line (12-53) 

Notice that either the open- or short-circuited line behaves as a pure 
reactance and may be used to replace a lumped reactance, at least at 
any one particular frequency. Equations (12-52) and (12-53) are 
plotted in Fig. 12-15. 

--r-
X   
Ro 

bi 1,/ 

• 

a bit 

«X/4 

It 

57t/4 

—r— 

a SHORT CIRCUITED 
b OPEN CIRCUITED 

Fig. 12-15. Reactance curves for the short- and open-circuited 
lossless line. 

See, for example, Terman, op. cit. 
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We must now consider this question: How shall the various lumped 
parameters be replaced by sections of transmission line? Consider 

first the capacitance C1. From (12-49) 1 Xci I = R. at h. Inspection 
of the curves of Fig. 12-15 shows that the minimum line length which 
satisfies this condition is X/8 with an open-circuited line. The di-

  Z INC RO 

(a) 

iN=»:° = 
N  

(C) 

EjR0 

Fig. 12-16. Transmission-line equivalents of lumped circuit param-
eters. (a) An open-circuited stub of length X/8 acts as a capacitive 
reactance of magnitude R., the characteristic impedance of the stub. 
(b) The equivalent capacitance is isolated from ground by extending 
the outer stub conductor an extra eighth-wavelength and surround-
ing it by a third conductor. The outer coaxial pair is short-circuited 
at the far end, is of length X/4, and has an infinite input impedance. 
(e) Stub equivalent of an ungrounded inductance. 

ameters of the conductor must, of course, be chosen to give the correct 
value of R.. Thus, at fl, the capacitor CI may be replaced by the 
section of coaxial line illustrated in Fig. 12-16a, and the input im-
pedance of the line becomes, since j = t, = X1/8 

2irXi irXj 
Zin = - R0 cou —8X = -jR0 cob -4-X (12-54) 

Since the argument contains X, the input impedance of the line is a 
function of the applied frequency. In the lossless R-F line the 
phase velocity is constant so that 
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xl f — = 
X fi 

and the input impedance becomes 

Z = —jR. cot EL 
4 h 

If a lumped condenser Ci is used, its impedance at fi will be 

1 
-= R. 

W1C1 

(12-55) 

(12-56) 

(12-57) 

and at any frequency 

Zci = = —jwiR°= —jR (12-58) 
t. W 1 o f 

Equations (12-56) and (12-58) show that at a single frequency f = 
the line and capacitor have the same impedance, but at all other 
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Zci= -JR0T 
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ZL, = +-iR0*. 

ZLn= +j % TAN eir7 , SHORTED STUB 

Fig. 12-17. Variation of Zin with frequency for lumped constants 
and their stub equivalents. Both scales are expanded. 

frequencies they differ. Equations (12-56) and (12-58) are plotted 
in Fig. 12-17.6 The maximum error incurred by replacing Ci with 

6 Equation ( 12-56) may be expanded in a Taylor's series about r/4. 

cot 171 ir - = cot — ese, — 1 ± • • • 
4 fi 4 4 

1 - 27r - 1) +... 
4 f 

or, to a first approximation, 

f -jRo(2.57 - 1.57 A-  

The exact expression is plotted in Fig. 12-17, a fact which may be verified by 
the curvature in the line. The approximate equation plots as a straight line. 
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the open-circuited line depends, of course, upon the extreme limits 
of f/fi. Percentagewise these limits are greatest for the lowest trans-
mission channel, No. 2, which extends from 54 to 60 megacycles. 
Allowing for a full video band of 4 megacycles the double-sideband 
limits will be 51.25 megacycles at the low end and 59.25 megacycles at 
the high. With an fl of 54 megacycles the limits of Ph are 0.95 and 
1.096. The total error incurred by use of the transmission line may 
be seen to be within 10 per cent over this range. For the higher 
channels, the fill limits, and hence the error, will be even less. We 
see, then, that the line may be used in place of the lumped capacitor. 
One additional problem remains in replacing C1 by the coaxial stub. 

The outer conductor of a coaxial cable is normally grounded. Refer-
ence to Fig. 12-13b shows, however, that both sides of C1 or its 
equivalent must be above ground. This difficulty is overcome by 
using a "coax within a coax." Thus, the X/8 open-circuited stub is 
placed within a larger tubing, which is grounded. The middle con-
ductor is extended to a quarter wavelength and shorted to the outer 
shell. Then, the impedance, looking into the outer pair of tubes, is 
infinite as may be verified in Fig. 12-15. It should be noticed that 
the diameter of the outer shell is not critical for Zin = oc for a quarter 
wave short-circuited line, regardless of its characteristic impedance. 

The final form of the line which replaces CI is shown at b in Fig. 12-16. 
The inductance LI may also be replaced by a section of line, except 

that in this case the minimum length at which j Zi„I = Ro is afforded 
by a short-circuited stub one-eighth of a wavelength long. The vari-
ation of the input impedance with frequency is given by7 

Zin = -FjR. tan —7 f (12-59) 
4 fi 

and the corresponding impedance of L1 is 

Zia = +ift„ (12-60) 

The curves corresponding to these equations are plotted in Fig. 12-17. 
The final shorted stub with its outer shell is shown in Fig. 12-16c. 

7 To a first approximation Zi„ is givett by Taylor's expansion 

Zt. = jR0(0.215 0.785 '1.) 
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Continuing the process of replacing the lumped parameters of 
Fig. 12-13b by their transmission-line equivalents, we next seek the 

equivalent of the series-resonant circuit comprising L2 and C2. It 
may be seen from Fig. 12-15 that a short-circuited line appears as a 
series resonant circuit whenever its electrical length is an integral 
multiple of a half wavelength. Since L2 and C2 must be in resonance 
at12, we may write that the required electrical length of the equivalent 
short-circuited line at 12 is 

12 = n 2—X2 (12-61) 

From the requirements set up in (12-49) we see that L2 and C2 must 
have an impedance —fit at the frequency fa; hence we may also 
write 

Zin]p = jR02 tan 2):-.12 = —jR. (12-62) 

where R 02 is the characteristic impedance of the short-circuited 
section. The last two equations may be combined and simplified. 

R 02 tan —ZenX2 - Ro2 tan er = —Ro 
2X3 J2 

Thus the design equation for the section is 

R 02 tan nu- = -R. (12-63) 

where f2, f3, and Ro are all known quantities. The difficulty in solving 
(12-63) is that two unknowns are involved, namely R 02 and the in-
teger n and that the tangent function is periodic; hence a large num-
ber of solutions to the equation are possible. Three of these solutions 
are listed below. 

R02/R0 12 

1 8.86 X2/2 

2 4.32 X2 

3 2.82 3X2/2 

If the reactance curves for these three values are plotted against 
frequency and compared with the corresponding curve for the lumped 

constants L2 and C2, it will be found that the shortest line (n = 1) 
gives the closest approximation to the lumped case. However, an-

(12-64) 
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other factor must be considered. From eq. (12-51) we observe that 

as R 02 increases, the ratio of diameters of the coax outer and inner 

conductors must increase. In general, then, the larger is the required 

R 02, the larger will be the tubing from which the filter section must be 

fabricated. Notice that by changing the value of n we can trade 

conductor diameter for conductor length and vice versa. In general, 

it is easier to assemble the filter if the diameters of all the sections are 

approximately equal. Brown has recommended that the design be 

based on n = 3.8 The same design procedure may be applied to the 

resonant branch comprising L3 and C3. A schematic diagram of the 

complete Type A filter is shown in Fig. 12-18a. By cascading three 
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Fig. 12-18. Basie filter structures. (a) Type A filter. (b) Type B 
filter. (After Brown. Courtesy of RCA Review.) 

8 G. H. Brown, op. rit. 
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such filters the amplitude response is cubed and a much sharper cutoff 
is obtained. 

12-10. Type B, or Notching, Filter 

For certain R-F transmission channels, for example, No. 3, the 
sound carrier of the next lower channel lies only 0.25 megacycles 
below the lower frequency limit of the channel. Where such a 
situation exists it is desirable to have even greater attenuation than is 
provided by three cascaded Type A sections at this adjacent sound 
carrier frequency, say f4, in order to reduce the possibility of inter-
ference. The additional rejection which is required may be provided 
by the "notching" filter, shown at b in Fig. 12-18. This filter is of 
the constant-resistance type and provides an extremely narrow reject 
band. Consider its operation at the reject frequency which is defined 
by 

= reject frequency of the type B filter 

= - 0.25 megacycles 

and let A = fi + 2 megacycles (12-65) 

The calculations which follow are based on channel No. 2; hence 

= 54 megacycles 

= 53.75 megacycles (12-66) 

f5 = 56 megacycles 

For the input impedances at the points marked a in the diagram we 
have 

Z. = -FjR,, tan ir (12-67) 

53.75 
and at fa Za]L, = +fit tan If - - j0.123R„ (12-68) 

In order to calculate the input impedance at the points marked b we 
must first calculate the electrical length of the open-circuited section. 
Notice that as the frequency of the applied signal is decreased, the 
wavelength along the line increases, and the number of wavelengths 

which can fit into a line of fixed physical length decreases; hence the 
electrical length, 1, which is the number of wavelengths along the line, 
is directly proportional to the frequency of the applied signal. Thus, 
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at f4 the electrical length of the short-circuited line to the right of a is 

le]f, = , ,..i1f...1-5 = -2 56 
f4 X 53.75 X 

- 0.96 § (12-69) 

and the length of the open-circuited section is 

3X X 
lb] 14 — - 0.96X — 0.54 2- (12-70) 

4  2 

Tlw impedance looking into b will be 

Zb = -jR. cot 0.547r L 
14 

(12-71) 

and at h this has the value 

Zb]f, = -jR. cot (0.54r) = A-j0.13R. (12-72) 

Notice that for all practical purposes Z. and Zb are equal in magnitude 
but of opposite sign; hence their parallel combination forms an anti-
resonant circuit. Z3 is therefore infinite or appears as an open circuit. 
Looking downward at point 4 we see an open-circuited section a 
quarter of a wavelength long which presents a short circuit. Thus 
the lower inverted T short-circuits the output lead and no power can 
flow to the antenna. The short circuit at 4 reflects as an open circuit 
at 6. All the input power must flow into the upper T section. 

In the upper T, Z1 consists of the antiresonant circuit shunted by 
the dissipating resistor and hence has the value of that resistor. If its 
value is R., the characteristic impedance of the line, the quarter 
wave section between 6 and 1 acts as a 1 to 1 transformer and the 

input impedance of the filter is R.. Thus at 14, the reject frequency, 
all of the input power is dissipated in the resistor and ideally no power 
is delivered to the antenna system. 
The behavior of the circuit at f6, which lies in the pass band, may be 

checked in a similar manner. It may be shown that at f6 Z. and Z3 
are zero, making Z4 infinite. In the upper T, Z. shorts out the dis-
sipating resistor, making Z1 zero. The quarter-wave section between 
6 and 1 reflects this short circuit as an open circuit at the input; all 

the power is delivered to the antenna system. 
The curves for a composite"filter that employs both the Type A and 

Type B sections designed for Channel 1 are shown in Fig. 12-19. 
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12-11. The Reactive Vestigial-sideband Filter 

At the beginning of the last section it was stated that the constant-
resistance type of network is desirable for use in the vestigial-sideband 
filter because it maintains a constant input resistance even in the 
reject frequency band and provides a separate resistor other than the 
load to dissipate the power of the rejected signals. More recent work 
has shown, however, that such conservative design is not necessary. 
In fact, in a video transmitter rated at 5-kilowatts peak power, the 
power in the reject band is of the order of 100 watts' and this small 
amount of power may be dissipated in the plate circuit of the final 
stage of the transmitter without any difficulty. Furthermore, if the 
transmission line between the transmitter and filter is short, say 0.01 
microsecond or less, in terms of delay time, the effect of reflecting this 
energy back to the transmitter is negligible. With these facts estab-
lished it is apparent that a purely reactive filter of the constant-k or 
n/-derived types may be used for vestigial-sideband filtering: the 
reject band energy is reflected from the filter input to the final trans-
mitter stage, where it is absorbed. The chief advantages of the 
reactive filter over the constant-resistance type are twofold. First, 
sharper cutoff may be obtained with fewer filter sections, and second, 
the resulting coaxial structure is simpler and more economical. 

9 E. Bradhurd, R. S. Alter, and J. Racker, "Vestigial Sideband Filter Design." 
Tele-Teeh, 8, 10 (Oct ober 1949). 
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Fig. 12-20. The reactive vestigial-sideband filter. (a) The basic 
in-derived structure. (0 Adjacent series elements may be combined 
to simplify the structure. (Courtesy of Tele-Terh.) 

A typical filter of this type consists of two m-derived T high-pass 
sections, plus two m-derived terminating w half-sections, which pro-
vide the proper impedance match at the input and output terminals. 
The basic structure is illustrated in Fig. 12-20a. As is usual in cas-
caded filters adjacent series elements may be combined to give the 
structure shown at b in the diagram. Since lumped capacitors may 
be used for the series elements, only four transmission-line elements, 
one for each resonant shunt arm, are required, and the circuit may be 
translated into a very simple mechanical structure, as shown in 

Fig. 12-21. 
The two T sections are designed with m = 0.07 for channels No. 2 

through No. 6, and with m = 0.15 for the upper channels No. 7 
through No. 13. The terminating half-sections are designed with 
an m of 0.3 to provide proper termination at the input and output 
terminals. The design equations for the network in terms of lumped 
parameters are shown in the diagram. The shunt arms may be 
replaced by coaxial stubs as explained in the last few sections. 
For one familiar with conventional filter theory an unusual feature 

of the filter will be immediately apparent: no prototype (m = 1) 
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Fig. 12-21. The complete or-derived vestigial-sideband filter. 
The tapered units at the bottom are impedance-matching sections. 
Over-all height is approximately 6 feet. (Courtesy of Federal Tele-
communication Laboratories, Inc.) 
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section is included. Its elimination results in some intersection 
impedance mismatch but the reflection losses caused by these mis-
matches are small enough to be neglected in the present case. Fur-
thermore, since the pass band is less than 6 megacycles, the attenua-
tion characteristic of the prototype section would tend to extend 
the reject region beyond the required limit, and so it is not included 
in the final design. 
The attenuation and delay characteristics of the composite filter 

are shown in Fig. 12-22. The lack of cutoff in the region of 4 mega-
cycles is corrected by controlling the bandwidth of the video ampli-
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fiers preceding the modulator. Correction of the delay character-
istic is provided by an equalizer, which may also be included in the 
video section of the transmitter. 

1 2-1 2. The Balure 

One final detail must be mentioned in connection with the vestigial-
sideband filters just described. In constructing the filter from coaxial 

cable the outer conductor is grounded, causing the filter output to be 
unbalanced with respect to ground. The antenna system, which is 
fed from the filter, must be bal-
anced to ground; hence some 
sort of device is needed to con-
vert from one condition to the   
other. There are several such   ER SURFACE   b 
devices which are commonly re- • z ,„  

ferred to as "Bazookas" or Fig. 12-23. The Balun, or Bazooka, 

"Baluns" (balanced to unbal- a coaxial transformer for converting from 
unbalanced to balanced-to-ground trans-

anced converter). One basic mission. 
form of the Bazooka is illus-
trated in Fig. 12-23. Use is made of the fact that the inner and 
outer surfaces of the conductors are not at the same potential and 
that the input impedance of a short-circuited quarter-wave line is 
infinite. Thus, even though the outer surface is grounded, terminal b 
is above ground by virtue of the fact that Zi„ is infinite. Methods 
of broadbanding the Balun are discussed in the next chapter. 

10 R. C. Paine, "The Balun—A Transmission Line Transformer." Radio-
Electronic Engineering Edition of Radio and Television News, 11, 6 (December 
1948). 



CHAPTER 13 

THE VIDEO TRANSMITTER 

We have already set up most of the standards which govern the 
transmitter portion of the pickup end of the television system. The 
channels have been defined, the R-A transmission characteristic has 
been described, and we know that the video and sync information is 
to amplitude-modulate the radio-frequency carrier. One more im-
portant point must be decided before we may consider the video 
transmitter proper. Since the composite video signal is not sym-
metrical about its average value, we must decide whether the power 
peaks of the modulated wave shall correspond to the sync signals or to 
a maximum white picture signal. The former method is called 
"negative transmission" because an increasing light intensity at the 
camera tube causes a decreasing output power at the transmitter. 
The second method, where a white signal gives maximum power out 
from the transmitter, is known as "positive transmission." 
The importance of this standard in receiver design is that the 

designer must know if an odd or even number of stages should occur 
between the second detector and the cathode-ray-tube control grid. 
Since the reproduced image is sensitive to phase, the incorrect number 
of stages will cause a negative image to be reproduced, i.e., the blacks 
and whites will be interchanged. Other factors also enter in the 
choice between positive or negative transmission. We consider some 
of them in the following section. 

1 3-1. Positive or Negative Transmission' 
It is interesting to note that in the United States negative trans-

mission has been standardized while in Great Britain positive trans-
mission is used. Some of the reasons which governed the American 
choice of having the sync pulses produce maximum radiated power 
will now be given. 

D. G. Fink, Telerision Standards and Practice. New )(ork: MeGraw-Hill 
Book Company, Inc., 1943. 

484 
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The envelopes of the modulated wave for both types of transmission 
are shown in Fig. 13-1. Consider what effect a burst of noise . re-
ceived with the television signal will have on the reproduced image 
with both types of transmission. Assume that the noise occurs in 
the form of a short pulse during the scanning interval when picture 

(a) (b) 
Fig. 13-1. Envelope of the modulated signal for negative and 

positive transmission. (a) Negative transmission. Maximum 
power is radiated for the duration of the sync pulses. (b) Positive 
transmission. Maximum radiated power corresponds to a white 
picture signal. 

information is being transmitted. In either system this pulse will 
add to the amplitude of the received signal; at a in the diagram the 
noise will drive the signal toward the blacks, and at b toward the 
whites. Thus, in negative transmission, R-F noise shows up as 
narrow black streaks in the reproduced image. It was the opinion 
of the standardizing committee that black-appearing noise is less 
objectionable to the spectator than the white-appearing noise that 
would be present with the positive type of transmission. 

Negative transmission also reduces the peak-power requirements 
on the transmitter as compared to the other system. This may be 
verified from the following considerations. In the negative system 
the transmitter delivers peak power only during the several sync 
intervals which are narrow and of known duration. On the other 
hand, the transmitter must be designed to deliver maximum power 
output whenever a white signal is being transmitted in the positive 
transmission system. The most severe condition that can occur 
here is that when several consecutive all-white lines are transmitted. 
Let us calculate the relative power demands on the final transmitter 
stage under both systems. 
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Consider first the negative system of transmission. By referring 
to Fig. 11-11 we may calculate the total duration of all the horizontal 
sync, vertical sync, and equalizing pulses over an entire frame inter-
val. Thus, there are, 

24 equalizing pulses of duration 0.04H: 

total duration = 24(0.04)H = 0.96H 

12 vertical sync pulses of duration 0.43H: 

total duration = 12(0.43)H = 5.16H 

Over the entire frame 18 horizontal sync pulses are lost for equalizing 
and vertical sync; hence there are 

525 — 18 = 507 horizontal sync pulses of duration 0.0811: 

total duration = 507(0.08)H = 40.5611 

Thus the total sync pulse duration over one frame is 46.68H. Now 

1  H = — = 1 (13-1) 
f nf„ 

so that the per cent duration of the sync pulses is 

. 46.681/102 (46.68)102 4668 
5, pulse duration — — 8.9% (13-2) 

1/f, 525 

or approximately 9 per cent of the frame interval is devoted to trans-
mitting the peak signal. Using the approximate figure of 9 per cent 
we may calculate the contribution of the several pulses to the average 
power when an all-black signal is being transmitted. The voltage 
signal is shown at a in Fig. 13-2. Black level is at 0.75 peak voltage, 

ás specified in the standards. At b the corresponding power is shown. 
Since power is proportional to the square of voltage, black level is 
shown at (0.75)2 = 0.56 peak amplitude. Then the pulse power-
amplitude is 1 — 0.56 = 0.44, and 

w 1.00 

0,75 

j— 
_J 

(a) 

_104 

•--11› 

(b) 

Fig. 13-2. Voltage and power for an all-black signal in negative 
transmission. (a) Voltage signal. (b) Corresponding power. 
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average power contributed by the pulses 
= 0.44(0.09) = 3.96% (13-3) 

and the average power of the signal is 
average power = 0.56 ± 0.0396 60% (13-4) 

Hence, with negative transmission of an all-black signal, the average 
power is approximately 60 per cent of the peak power supplied during 
each pulse. Notice that in negative transmission an all-black picture 
places the most severe demands on transmitter power. 
Next consider the most severe case in positive transmission, i.e., 

that in which a white line is being sent, whose voltage and power 
diagrams are shown in Fig. 13-3. Notice that 25 per cent of the full-
voltage amplitude has been reserved for the synchronizing signals. 

IV 1.00 

0 0.25 
> o it 

1.00 

o 
a_ 
.0625 
o 

7_ 
t 

(b) 

Fig. 13-3. Voltage and power for an all-white signal in positive 
transmission. (a) Voltage signal. (b) Corresponding power. 

In order to calculate the average value of the signal shown at b we 
must calculate the areas resulting from blanking and the several 
synchronizing and equalizing pulses. The necessary dimensions may 
be obtained from Fig. 11-11. Then, following our previous pro-
cedure, we have 

2 vertical blanking pulses of duration 0.075V: 

total duration = 2(0.075) (525) H = 39.4H 
2 

507 horizontal blanking pulses of duration 0.16H: 

total duration = 507(0.16)H = 81.1H 

Expressed in terms of the frame interval, 1/f„, the total blanking 
durat ion is: 

total blanking duration 120.5H — — 120.5 
22.9% (13-5) 

llf, 525  
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From Fig. 13-3b the amplitude of the power blanking pulses is 
1 — 0.0625 = 0.9375, and their per cent area is 

average power of the blanking pulses = (0.9375)(22.9) = 21.5% 

We have already calculated the sync and equalizing pulse duration 
to be 8.9 per cent, and with a power amplitude of .0625 they have 
an average power 

average power of the sync and equalizing pulses 
= (0.0625)(9) .56c'e (13-6) 

The total average power represented by sync, equalizing, and blank-
ing pulses is, therefore, roughly 22 per cent or under the most severe 
condition of positive transmission the average power supplied by the 
transmitter is 78 per cent of the peak power. 
The two systems may now be compared. We shall assume that 

the final stage of a visual transmitter operates at constant plate-
circuit efficiency so that the plate dissipation is proportional to the 
power output delivered. For a constant plate dissipation the average 
power output must remain unchanged; hence the peak power which 
may be delivered with negative transmission is (0.78)/(0.6) times that 
delivered with positive transmission. The negative transmission sys-
tem affords a 30 per cent increase in peak power over the positive 
transmission system for a given final stage. 
Another advantage of negative transmission lies in the fact that 

regardless of picture content the maximum signal level is reached at 
least once during each line; hence the black level remains fixed and 
the average value of the picture component is carried along in the 
modulated wave. This also simplifies the automatic brightness or 
automatic gain control (A.G.C.) circuits in the video portions of the 
television receiver. 
On the other side of the ledger, we see that the sync pulses of the 

composite video signal must drive the modulated amplifier into 
the upper part of its modulation characteristic, which generally tends 
to exhibit some curvature. If uncompensated, this effect tends to 
compress the sync pulses in the modulated wave. Satisfactory com-
pensation may be provided by a "sync stretcher," which is described 
in a subsequent section in the present chapter. 

It was felt that the reasons listed above justified the standardization 
of negative transmission in the United States. In building up the 
video transmitter we must make sure that the phase of the composite 
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video signal delivered to the modulated amplifier is such that the 
synchronizing pulses cause maximum power to be delivered to the 
antenna system. 

13-2. Transmitter Block Diagrams 

Our various transmission standards may now be summed up in 
terms of the functions required of the visual transmitter. In broad 
terms it must perform the following operations: 

(1) Generate an R-F carrier of proper frequency, stability, and 
power. 

(2) Accept the composite video signal from the pickup facilities 
and raise its power level to the value required at the modulated 
amplifier. Its sense or phase must be such as to produce negative 
transmission. 

(3) Amplitude-modulate the R-F carrier. 
(4) Deliver the R-A type vestigial-sideband signal to the antenna 

system. 

At the time of writing three basic approaches are being used to 
accomplish these functions. For the lack of more suitable notation 
we shall identify the three types by the name of the manufacturers 
who make them, i.e., Radio Corporation of America (R.C.A.), Gen-
eral Electric Company (G.E.), and Allen B. Du Mont Laboratories, 
Inc. (Du Mont). The three systems are illustrated in block diagram 
form in Fig. 13-4. 

Inspection of the diagrams shows that the predominant difference 
in the three types of transmitters lies in the power level at which 
modulation is performed and in the manner of suppressing the lower 
sideband to meet the R-A vestigial-sideband requirement.2 We shall 
discuss the three diagrams in ascending order of video-modulating 
power. 

In the G.E. system modulation is performed at low power levels. 
As may be seen from the diagram the R-F power input to the modu-
lated stage is 1 watt and an 80-volt peak-to-peak modulating signal 
is required. The advantage of excellent modulation linearity may be 
realized at this power level with a plate-modulated stage. The 
modulated R-F wave is fed through five linear off-carrier-tuned R-F 

2 D. G. Fink, "Design Trends in Television Transmitters." Electronics, 21, 1 
(January 194x). 
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Fig. 13-4. Block d'agrams of three commercial video trans-
mitters. (a) The Gencral Electric system. (b) The Du Mont sys-
tem. (e) The R.C.A. system. (Courtesy of Electronics.) 

amplifiers, which serve a dual function. They raise the power to the 
required level and clip the lower sideband to meet the vestigial re-
quirements. This system of sideband filtering has been outlined in 
the last chapter and illustrated in Fig. 12-12. The low-level modu-
lation system may be summarized in its essentials as follows: Low-
level plate modulation presents no great problems; no separate 
vestigial-sideband filter is required; five linear amplifier stages are 
required. The saving entailed by eliminating the separate sideband 
filter is offset to some extent in that the linear R-F amplifiers are com-
paratively difficult to tune. Several adjustments are required in 
order to maintain linearity between input and output and to main-
tain the correct filtering characteristics. 

In the Du Mont transmitter modulation takes place at an inter-
mediate power level, the required input powers being 60 and 50 watts, 
respectively, for the R-F and composite video inputs to the modulated 
stage. At that power level either grid or plate modulation may be 
used but the particular circuit shown in the figure employs the former. 
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Since the power level is not excessive, the stage may be designed 
conservatively to give excellent linearity. Power amplification and 
clipping of the lower sideband is obtained in two off-carrier-tuned 
linear R-F stages. No separate vestigial-sideband filter is required. 
As compared to the G.E. transmitter, the Du Mont unit has a slightly 
more complicated modulation problem but fewer tuning adjustments 
because of the reduced number of linear amplifiers employed. 
The R.C.A. transmitter represents a complete departure from the 

two other units in the method of vestigial-sideband filtering employed. 
Since the modulation is accomplished in the ultimate stage of the 
transmitter, the need for linear R-F amplifiers is eliminated and 
the lower sideband is clipped by a separate sideband filter of the 
general type described in the last chapter. At the present stage of 
development high-level modulation requires that grid modulation be 
used; the reason for this is covered in a subsequent section. The 
transmitter is easily tuned since no linear R-F amplifiers are required, 
but the problem of modulation is greater than that of the other two 
systems and the separate filter unit is required after the modulated 

stage. 
It is not our purpose to weigh the commercial advantages of the 

three forms of transmitter design. Our emphasis of any one par-
ticular design is based solely on presenting some of the chief problems 
encountered in the television art. Since the high-level-modulation 
vestigial-sideband filter layout represents the greatest departure from 
conventional broadcasting techniques, our discussion will be confined 
primarily to that form of transmitter. It should be stressed that in 
the work which follows no single commercial transmitter is being 
discussed; wherever possible our discussion will be in general terms 
and will indicate only one of many possible variations in design. 

PLATE V. GRID MODULATION 

We have stated that the present stage of development places a 
restriction on the type of high-level modulation which may be used; 
if modulation takes place in the final stage of the transmitter, that 
stage must be grid-modulated. Since the problem of modulation is 
of prime importance in the video transmitter, we next consider the 
reason behind this statement. We shall briefly review the principles 
of plate and grid modulation for a background. In the discussion it 
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is assumed that the modulated stage is balanced, i.e., of the push-pull 
type, though a single-ended stage may be used just as well. 
The basic diagrams of the two circuits are shown in Fig. 13-5. In 

both circuits, direct coupling must be used between the modulating 

FINAL 
AMPLIFIER 

(a) 

--
R.F. 

(b) 

Eb 

FINAL 
AMPLIFIER 

MODULATING 
AMPLIFIER 

MODULATING 
AMPLIFIER 

Fig. 13-5. Basic circuits for plate and grid modulation. Direct 
coupling must be used between modulating and modulated amplifiers 
to preserve the d-e component. (a) Plate modulation. (b) Grid 
modulation. 

and modulated stages in order that the d-e component of the video 
signal be transmitted. Since transformer coupling cannot be used, 
the modulating stage must operate in Class A, as opposed to linear 
Class B, and hence will have a comparatively low efficiency. 

13-3. Plate Modulation 

The purpose of the modulated stage is to cause the envelope of the 
R-F carrier to vary in accordance with the modulating signal; hence 
for plate modulation we seek some device whose R-F voltage output is 



§1 3-3] THE VIDEO TRANSMITTER 493 

directly proportional to its plate voltage. Such a device is the Class 
C R-F amplifier.m When the push-pull R-F amplifier shown at a 
in Fig. 13-5 is biased at approximately twice the cutoff value, the 
required linear relationship is obtained and modulation may be ob-
tained by making the effective plate voltage, En', vary in proportion 
to the modulating signal. Notice from the diagram that 

= Ebb — ± 

= (Ebb — IIR„) — ihR, (13-7) 

where I = average plate current of the modulated amplifier, 

= total plate current of the modulating amplifier. 

If a single-ended final stage were used, a shunt-plate feed system 
would be required in order to isolate the coupling resistance R. from 
the pulsating a-c components of modulated amplifier current. This 
problem does not arise with a push-pull final. Since i follows the 
modulating signal e., the proper linear relationship between Eli and 
e, is maintained. Notice that in order to obtain 100 per cent modu-
lation, the drop ibR, must equal the d-c plate voltage, which is 
(Ebb — /1R) or, in other words, the output voltage of the modulating 
stage must be of the same order of magnitude as the d-c plate voltage 
on the modulated stage. This may not seem particularly serious 
until we consider the power requirements on the modulating ampli-
fier. Since a 4.5-megacycle video bandwidth must be preserved, 
the value of coupling resistance, R„ must be chosen with an eye 
toward the shunt capacitance across it and will in general be low. 
Since power is inversely proportional to resistance, this means that 
the power requirement on the modulator is large. We may illustrate 
this with an example. Let the modulated stage employ a Type 891 
water-cooled tube, which has a rated power output of 5 kilowatts with 
a d-c plate voltage of 8 kilovolts.6 Then the modulating stage must 
furnish 8 kilovolts of modulating voltage across R,. Assume a total 
shunt capacitance of 100 micromicrofarads across the resistor. We 
can now calculate the value of resistance required in order to main-
tain a constant load over the 4.5-megacycle bandwidth. From our 

3 W. L. Everitt, Communication Engineering. New York: McGraw-Hill Book 
Company, Inc., 1937. 

F. E. Terman, Radio Engineering, 3d ed. New York: McGraw-Hill Book 
Company, Inc., 1947. 

R.C.A. Tube Handbook, Transmitting Types Section. 
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study of the resistance-coupled amplifier, we know that the impedance 
of a shunt combination of resistance and capacitance remains sub-
stantially constant up to one-tenth of the half-power frequency de-
fined by 

1  
- 27-RC 

Then setting f = 4.5 megacycles = 0.1f2 (13-9) 

we have for the required value of coupling resistances 

R = -1-- - 1  - 354 ohms (13-10) 
22112C 21-(4.5 X 107)10-1° 

The power output required of the modulator during the sync peaks 
will be 

(13-8) 

(8 X 103)2  
Po - 3.54 X 102 181 kilowatts (13-11) 

in order for the modulating stage operating in Class A to deliver this 
power a great number of large tubes in parallel and a correspondingly 
large power supply would be required. Stated in other terms, the 
modulator would have to deliver a peak current of 

8000 
¡bra« = -3M = 22.6 amperes (13-12) 

It is generally believed that a design which makes such excessive 
demands on the modulating stage is not advisable at the present 
stage of development, and plate-level modulation of the final stage is 
not used. 

For the sake of completeness we consider the polarity of the modu-
lating-stage driving signal, E,, required to give negative transmission. 
Since the modulated stage delivers peak power when Eb' is maximum, 
the signal voltage developed across R, must have a sync-positive 
phase. Since a 180° phase reversal occurs in the stage, E, must be a 
sync-negative signal. 

13-4. Grid Modulation 

It is well known that an R-F amplifier biased at cutoff exhibits 
linearity between its output voltage and its grid signal voltage; hence 

Normally compensation will be used and the calculated value of resistance 
will be greater. We assume no compensation in comparing the two types of 
modulation. 
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such an amplifier may be used as a grid-modulated stage. The basic 
circuit is shown in Fig. 13-5b. Again d-c coupling must be used 
between the modulating and modulated stages and the former must be 
operated in Class A. With the arrangement shown the effective bias 
on the push-pull stage is 

E; = Ecc - (Ebb. - ibRc) (13-13) 

and by varying ib, the modulator plate current, we can make the 
effective bias vary in proportion and hence control the amplitude of 
the output R-F voltage: grid modulation is obtained. In order to 
provide 100 per cent modulation, the modulating stage must furnish 
a voltage equal to the cutoff bias of the modulated amplifier which 
will be lip times as great as the driving voltage required in plate 
modulation. Thus in grid modulation the modulating voltage re-
quired is of the same order as the bias, rather than the plate voltage. 

This can result in a large saving in modulating power. For example, 
the 891 has a rated le of 8. Then the ratio of modulating powers 
required for grid and plate modulation is 1/p2 = 1/64. 
These facts may be demonstrated by carrying on our previous 

example. We shall assume the same tube in the modulated stage, 
i.e., the 891, and the same coupling resistance of 354 ohms. Since 
the grid-modulated stage is biased at cutoff, its bias voltage must be 

Eb 8000 
Ec = - = — 1 kilovolt (13-14) 

8 

and the required voltage across R, will have the same value. Thus 
the peak power required of the modulating amplifier is 

(Epp 
P° = " - 2.83 kilowatts (13-15) 

354 

and the peak modulating current is 

1000 
ibmax = = 2.83 amperes (13-16) 

354 

Comparison of these figures with those calculated for the plate-
modulated case shows the tremendous saving in modulating power 
afforded by grid modulation. In the latter case the required driving 
power may be furnished by two 891's in parallel. It may be shown 
quite readily that a sync-positive picture signal is required at E., the 
modulator input, in order to produce negative transmission. 
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Because of its less severe power demands grid modulation is used 
in the high-level-modulation vestigial-sideband filter type of trans-
mitter. Further details of the circuit, particularly with reference to 
the methods of direct-coupling the modulating signal, are covered in a 

later section. 

THE R- F SECTION 

The over-all block diagram of the high-level-modulation vestigial-
sideband transmitter may be broken down into four sections, each of 
which performs one of the functions listed earlier in the chapter. Of 
these we shall first consider the radio-frequency section, which serves 
to generate a radio-frequency carrier of the proper frequency, sta-
bility, and power. The components of the R-F section generally 
comprise an oscillator, frequency multipliers where necessary, and 
power amplifiers. 

13-5. Oscillator 

The F.C.C. standards on television transmitters require that the 
carrier frequency be maintained at its assigned value within a toler-
ance of ±0.002 per cent; hence a prime design requirement on the 
R-F oscillator is frequency stability. The use of crystal control at 
the carrier frequency is not feasible because crystals generally do not 
perform satisfactorily at frequencies in excess of 10 megacycles,' a 
value which is well below the assigned television channels. The 
operating frequency of a crystal is determined by its physical di-
mensions, and the crystal size is too small to be practicable when it is 
ground to operate above the 10-megacycle limit. To circumvent this 
difficulty the design of the oscillator may be centered about some form 

of stable resonant circuit. 
We have already seen that sections of transmission line are more 

convenient than lumped circuit constants at television R-F fre-
quencies; hence we seek the transmission line equivalent of a parallel 
resonant circuit. Inspection of Fig. 12-15 shows that the require-
ments may be met by a short-circuited line, one-quarter wavelength 
long. Figure 13-6 shows the schematic of a typical push-pull oscil-
lator, employing a quarter-wave resonant section in the coaxial 
form as the grid tank circuit. The coaxial-, rather than parallel-, 
type line is used as the frequency-determining member because it may 

7 F. E. Terman, op. cit. 
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B+ 

Fig. 13-6. Basic circuit of a push-pull oscillator that uses a short-
circuited quarter-wave coaxial line as the grid tank circuit. 
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be built more rigidly and hence is less susceptible to frequency drift. 
In certain designs the effect of temperature change on the length of 
the coaxial section is minimized by forming the line out of some metal 
which has a low coefficient of thermal expansion, such as Invar. 
Notice that the closed end of the section is not short-circuited directly 
but through a small capacitor. Fine tuning may then be had by 
moving the inner conductor axially with a micrometer screw. In 
order to ensure good frequency stability the resonant section is 
designed to have an R. of approximately 77 ohms, which value 
corresponds to a b/a ratio of 3.6. For this ratio the Q of the section 
is at its maximum value.8 
While the coaxial line is desirable from a mechanical viewpoint, it 

introduces an electrical problem in that the two grids of a push-pull 
oscillator must be driven 180° out of phase. Since the outer con-
ductor of the coax is grounded, it may not be connected directly to 
the grid of V2. This difficulty is overcome by utilizing the fact that a 
section of line one-half wavelength long serves as a 1 to 1 transformer, 
which provides a 180° phase reversal of voltage. Thus in the 
diagram, since the grid of the lower tube is one-half a wavelength 
"away" from the grid of the upper tube, the two grids are driven 
in phase opposition as required. 

8 A. B. Bronwell and R. E. Beam, Theory and Application of Microwaves. 
New York: McGraw-Hill Book Company, Inc., 1947. 
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A parallel-type line of length X/4 is used as the plate tank circuit. 
Coarse tuning is obtained by moving the shorting bar located at the 
far end of the line; fine tuning is accomplished by means of a small 
variable condenser connected across the line. 
A much simpler and more stable oscillator may be designed by 

utilizing crystal control. We have already seen that it is not prac-
ticable to grind a crystal to operate directly at any of the television 
carrier frequencies; hence the crystal is chosen to operate at a sub-

harmonic of the carrier frequency, and the crystal frequency is then 
raised to the required value by means of frequem y multipliers. In 
the interests of efficiency of the multipliers it is desirable that the 
multiplication per stage be limited to two or, at the most, three. 
This means that the ratio of carrier to crystal frequency should be a 
number whose factors are two or three. One convenient ratio is 
12 = 2 X 3 X 2. Thus, for example, a crystal cut for 4.6042 mega-
cycles, which is a practicable value, may have its frequency raised 
to the carrier frequency of 55.25 megacycles for channel No. 2 by two 
doublers and one tripler. Since the multipliers raise the power level 
as well as the frequency, the line-up of crystal oscillator plus fre-
quency multipliers represents a good economic compromise. Its 
chief advantage is that use is made of the high stability provided by 
the special temperature-compensated crystal cuts which are now 

available. 

13-6. R-F Amplifiers 

The amplifiers which follow the 1t-F oscillator are tuned power 
amplifiers operating in Class C. Notice that only a single frequency 
is amplified in any stage and no attention need be paid to broad-

banding. 
In those stages where frequency multiplication takes place, the 

plate tank circuit is tuned to the proper harmonic of the applied 
frequency, i.e., to the second harmonic in a doubler, and to the third 

harmonic in a tripler. Since the plate current, which flows in the 
form of nonsinusoidal pulses, is rich in harmonics, the tank circuit 
can deliver power at the harmonic to which it is tuned. The par-
ticular harmonic being selected may be strengthened by proper choice 

of the grid-bias voltage.9 

9 F. E. Terman, op. cit., chap. 7. 
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13-7. Grounded- grid Amplifier' 

In those stages where power amplification and no frequency mul-
tiplication is needed, the grounded-grid circuit may be used to an 
advantage. This circuit differs from the more conventional grounded-
cathode and grounded-plate 
(cathode follower) connections 
in that its grid is operated at 
a-c ground potential. The basic 
circuit is shown in Fig. 13-7. 
The grounded-grid circuit offers 
three distinct advantages in cir- Ecc Ebb 

cuit applications: ( 1) It is easy 
to neutralize. (2) With the 
newer tubes of the ring or disk 
seal type it is readily adaptable to resonant circuits of the coaxial 
line form. (3) It delivers a greater power output from a given tube. 
We shall consider these features. 
As may be seen from the diagram, theoretically no neutralization 

is required in the grounded-grid connection; since the ground plane 
extends between the cathode and plate structures in the tube, no 
feedback between the output and input circuits can occur through 
the plate-to-cathode interelectrode capacitance. This represents an 
ideal condition, however, for in most circuits the grid structure will be 
above ground because of the inductance of the wire running from grid 
to ground. Where this condition exists, neutralization may be ac-
complished by introducing a lumped reactance of the proper magni-
tude and sign in series with the grid lead. This may now be demon-
strated. The actual interelectrode capacitances in a triode are 
a-connected, as shown in Fig. 13-8a. The purpose of neutralization 
is to reduce the admittance of the path between the plate and cathode 
to zero. This may be accomplished by introducing an effective 
ground plane between P and K. 

Let the à network of capacitances be replaced by its equivalent T 
configuration as shown at b. Then the circuit will be neutralized if 
the point 0 is brought to ground potential, a condition which may be 
brought about by making the branch LC3 series resonant. The value 

Fig. 13-7. Basic grounded-grid 
plifier circuit. 

am-

'° C. J. Starner, "The Grounded-Grid Amplifier." Broadcast News, No. 42 
(January 1946). 
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(C) 

Fig. 13-8. Neutralization of the R-F grounded-grid amplifier. 
(a) The interelectrode capacitances in a triode are à-connected. 
(b) The A connection may be replaced by an equivalent T. (c) C. is 
added to make the Le„ branch series-resonant. 

of C3 may be calculated in terms of the interelectrode capacitances by 
direct applicat ion of the ir = T transformation equations," thus 

C CukC k C 3C„ CgkC„ 
3  P P  

Cpk 
(13-17) 

In most cases the reactance of Cg will be greater than the reactance of 
the lead inductance, L, at the operating frequency and the series 
resonant condition is obtained by adding an additional variable 
neutralizing condenser, Cy, in series with the grid lead as shown at c 
in the diagram. CN breaks the d-c grid return to ground which is 
re-established by introducing Ro as shown. The use of shunt-plate 
feed allows the lower end of the plate tank to be grounded, a distinct 
advantage where the tank takes the form of a resonant section of 
coaxial line. It should be noticed that the neutralizing circuit just 
described is good for narrow-band R-F applications only. In broad-
band operation, the resonant condition of L, C3, and Cy cannot be 
maintained over the entire pass band and oscillation may occur. 
The operation of the neutralization circuit just described may also 

be explained on the basis of filter theory: The network of the actual 
interelectrode capacitances, L, and CN may be drawn as a bridged-T 
structure. On this basis it may be seen that at null the current 
through the lower T is advanced by 270°, while that through the 
bridging capacitor, Cpk, is advanced by only 90'; hence cancellation 
occurs and no energy is fed from the plate to the grid. 

" W. L. Everitt, op. cit., chap. 2. 
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We have stated that a tube operating in the grounded-grid con-
nection can deliver a greater power output than it can in the more 
conventional connections. To demonstrate this we shall first con-
sider that the circuit of Fig. 13-7 is so biased that it is operating in 
Class A. By this device we may utilize the equivalent plate circuit 
theorem. The results will then be extended to include Class C 
operation. 
At the operating frequency, 

the plate tank circuit appears 
as a pure resistive load, RL, and ,CLEg. 

the equivalent plate circuit of uEs 
the amplifier is that shown in 
Fig. 13-9. By applying the 
superposition theorem directly 
to the circuit we may write the Class A grounded-grid amplifier. 

—   +  
r, RL rp RL 

and the power output will be 

Fig. 13-9. Equivalent plate circuit of 

(13-18) 

Po = Ip2RL = (1 + e[ (rp +E82RL)2 (13-19) 

It will be observed that the bracketed term is precisely the power 
output of a conventional grounded cathode stage; hence the grounded 
grid circuit provides a power gain of (1 ± /)2 over the conventional 
circuit in Class A operation. 
The mechanism by which this increase in power is delivered is 

revealed in eq. (13-18). Notice that two components of current are 
present in the plate circuit. The first, E./(r„ RL), may be termed 
the "conductive" component, and it exists because the driving source 
E., being in the cathode return, is physically in series with the plate 
circuit; the driving source delivers power to the output circuit by 
conduction. The second term, 1.1.E./(rp RL), may be termed the 
"transfer" or "amplified" component, which is due to the equivalent 
generator, ep, acting in the plate circuit. Notice, then, that the 
increase in power output is furnished by the driving source rather than 
by the circuit itself. In effect, the circuit behaves like a series 
booster. So much for Class A operation. 

In Class C operation, where the tube is biased beyond cutoff, the 
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general operation of the grounded-grid circuit remains the same but 
the analysis given above no longer applies. Since the driving source 
is in series with the load, it still delivers power to the output by 
conduction; but since the plate current is no longer sinusoidal, any 
equations based on the equivalent plate circuit are invalid. The 
power equations for Class C operation may best be derived by com-
paring the grounded grid circuit to its more conventional counterpart, 
the grounded-cathode Class C amplifier. We shall assume that in 
each case operation is to the diode line and that the same tube cur-
rents and voltage are present. The assumptions simplify the com-
parison of the two circuits. As a further simplification, the de-
generative voltage developed across L and CN will be neglected. The 
two circuits and their voltage diagrams are illustrated in Fig. 13-10. 

EMAX = EMIN 
r. 

_TEg 

(a) (b) 
Fig. 13-10. Comparison of grounded-cathode and grounded-grid 

Class C amplifiers. (a) Grounded cathode. (b) Grounded grid. 
(After Starner. Courtesy of Broadcast News.) 

Consider first the grounded-cathode Class C amplifier. Since we 
have assumed operation to the diode line (i.e., the maximum grid 
voltage is equal to the minimum plate voltage, each being measured 
relative to ground), we may write 
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Emax = Emin 

E, — E, (13-20) 

and the peak voltage across the plate load will be 

EL = Emin (13-21) 

Let /pi = peak value of the fundamental 
component of the plate current 

Then the average power output of the stage will be 

ELI pc, = 
2 

Next consider the grounded-grid stage. We shall use primes to 
indicate the counterparts of the quantities defined above. Once again 
the diode line condition is obtained when the maximum grid voltage 
is equal to the minimum plate voltage measured relative to ground. 
Since the grid voltage is fixed at the bias voltage, we may 
express the condition as 

-E, (13-23) 

and the peak voltage developed across the load is 

EL' = Eb Ec (13-24) 

From eqs. (13-20) and (13-21) 

E, = - lib + (EL+ E9) (13-25) 

and, substituting into (13-24), we get 

EL' = EL + E, (13-26) 

(13-22) 

Equation (13-26) may be verified by comparing the voltage diagrams 
of the two circuits. 
We have specified that the same current must flow in both stages; 

hence we must raise the load resistance in the grounded grid circuit 
to compensate for the increased load voltage. Thus, to equalize the 
currents, we set 

EL' E RL' = RL—E L = RL RL(1-1- E L) (13-27) 
EL 

and the power output delivered by the second circuit will be 

p, = p> ( o EL ± E g ) , 
2 2 2 EL) 

(13-28) 

= P0(1+ PL) (13-29) 
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This confirms our results for Class A operation, namely, that the 
grounded grid circuit delivers a greater output power than the con-
ventional stage does. By extension of the Class A treatment we 
know that the additional power is furnished by the driver; hence the 
driving power is 

E, 
= + P0—EL (13-30) 

By definition the power gain of the stage is the ratio of output 
to driving power. Thus we have for the grounded-grid connection 

Po' Po(1 EL  power gain — 
F pg 
JL 

The last equation indicates that the power gain may be controlled by 
varying the ratio .E,,/EL. To illustrate this, let the bias voltage 
be changed and E, and EL readjusted to maintain operation to 
the diode line. For example, if E, is raised V volts, EL and E, 
must each be increased V volts. Since EL is much larger than E0, 
the percentage change in EL will be much less than the percent-
age change in E„; hence a change in bias alters the Eg/EL ratio 
and the power gain may be controlled by the bias. 

In practice power gains in the order of 5 to 7 may be obtained. It 
is convenient to utilize the booster concept to operate with a lower 
power gain and let the driver furnish more of the output power. 
With a power gain of three, approximately one-quarter of the output 
is furnished by the driver stage and the tube size may be reduced. 
We have stated that the ring seal type of tube is admirably suited 

to the grounded grid circuit, where resonant coaxial lines are em-
ployed as tank circuits. The reason for this may be seen from 
Figs. 13-11 and 13-12. Excepting the filament connections, the 
tube exhibits radial symmetry and may be fitted easily into a coaxial 
chamber.'2 
While the discussion above has referred specifically to triodes, the 

use of multielement tubes in the television transmitter is becoming 
more common. 

(13-31) 

12 See S. Frankel, J. J. Glauber, and J. P. Wallenstein, "A Medium-Power 
Triode for 600 Megacycles." Proc. IRE, 34, 12 (December 1946). 
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Fig. 13-11. Cross section of a typical ring-seal triode, the 6C22. 
(Courtesy of Federal Telephone and Radio Corporation.) 
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Fig. 13-12. Cross section of a grounded-grid coaxial amplifier 
employing a ring-seal triode. Notice how the neutralizing condenser 
is built into the coaxial structure. (After Frankel, Glauber, and 
Wallenstein. Courtesy of Proc. IRE.) 
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THE VIDEO SECTION 

A second function which must be performed by the visual trans-
mitter is the acceptance of the composite video signal from the pickup 
facilities and the raising of its power level to the value required at the 
modulator. That portion of the transmitter which performs this 
function may be termed the video section. The block diagram of a 
typical transmitter video section is shown in Fig. 13-13. 

PATCH 
7511  CORD  

LINE A 
COAX EQUAlz_n. AND 

I Z ER SYNCS 

M a Mb 0.ILINE A 
SYNC a 
AND 

reN 
o• 2-807 

-o STANDBY 

3-807 

MONITORS 

o o 

NO.1 NO.2 

1•••• 

K.F. 

MODULATING 
AMPLIFIER 

DIRECT 
891 2-891 COUPLED 

4-828 --ad-W. -,-.4.1-1=‘,7, -1-3. TO 
DCI DC I  MODULATED 

AMPLIFIER 

K.F. 

MC Md 

FROM PROBE AND 
r71 K.F. DETECTOR IN ANTENNA 
Me  LINE 

Fig. 13-13. Block diagram of the video section of a television 
transmitter. 

13-8. Block Diagram 

Reading from left to right in the diagram the first unit is the line 
equalizer. This is a passive network designed to equalize the ampli-
tude and delay characteristics of the coaxial cable, which brings in the 
composite video signal from the studio facilities. The second unit, 
the line amplifier and sync stretcher, serves to raise the voltage level 
of the signal so that it may drive the chain of power amplifiers which 
follow. In certain designs the sync portion of the signal is subjected 
to additional amplification, and hum is removed by a special form of 
clamping circuit. This is explained in the following paragraphs. In 
conformance with commercial practice a stand-by line amplifier is 
provided to decrease the likelihood of shutdown in case of failure. 
Either unit may be connected into the video chain by means of patch 
cords. The five amplifier stages serve to develop the necessary 
modulating power for the final grid-modulated stage. 
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Two monitors are provided so that the signal may be checked at 
any one of a number of points throughout the transmitter. The 
several test points, labeled M. through M. in the diagram, are 
isolated by means of cathode followers. Switching means are nor-
mally provided so that any of the test points may be checked. Notice 
that the composite video signal is sampled; hence the supersync may 
be separated from the picture components and used to drive sweep 
generators in the monitors. Thus the actual picture program may be 
viewed. Under certain circumstances a conventional oscilloscope is 
provided and the composite signal is fed to its vertical deflection 
plates. Where this type of monitoring is used the line-by-line or 
field-by-field wave form of the signal may be checked, depending on 
whether the horizontal saw-tooth sweep is run at line (15.75 kilo-
cycles) or field (60 cycles) frequency. Proper use of the monitors 
greatly reduces the time required to locate troubles in the entire 
transmitting system and aids in maintaining optimum operating 
conditions. We now consider some of the details of the units which 
have been mentioned. 

1 3-9. Line Amplifier 

The clamping circuit in the line amplifier is different from the 
dampers discussed in earlier chapters. Its chief purpose is to remove 
low-frequency variations in the incoming signal which are the result of 
huni and pickup. The basic circuit is shown in Fig. 13-14. 13,11 It 
will be seen that the clamping action is controlled by separate keying 
signals rather than by the clamped signal itself and hence may be 
called "keyed" or "synchronized" clamping. We may consider the 

operation of the circuit from two points of view; first, how the clamp-
ing diodes V3 and 174 behave, and second, how their behavior affects 
the signal appearing at point A, which is connected to the grid of 1"2. 
A locally generated square pulse or key, which occurs during the 
duration of the sync "back porch" (see Fig. 11-11) is applied to 
the grid of V5. Since R4 and R5 in the plate circuit of V5 are equal, 
two pulses of equal magnitude but opposite sense are applied to the 
bridge circuit shown. These two pulses appear in series across the 

IS Instructions, TA-5A Stabilizing Amplifier, R.C.A., Engineering Products 
Department, 1946. 

"J. L. Schultz, "Television Stabilizing Amplifier." Radio-Electronic Engi-
neering Edition of Radin and Television News, 12, 5 (May 1949). 
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Fig. 13-14. A synchronized clamping circuit. (Courtesy of Radio 
Corporation of America.) 

diodes which conduct, causing the condensers C1 and C2 to charge 
with the polarities indicated in the diagram. During the relatively 
long interval between successive pulses the condensers discharge 
slowly through RI, R2, and V5. During this same interval the diodes 
are cut off because of the reverse polarity appearing across them. 
When the next key is applied, the diodes conduct again, re-establish-
ing the charge lost by the condensers between successive pulses. 
With this action of the diodes in mind we may now consider their 

effect on the voltage at point A, which is connected to the grid of V2, 
the second picture amplifier. During the duration of the key, the 
diodes conduct because of the action of the two pulses delivered by V5. 
Since the pulses are of equal magnitude but opposite sense, they 
cancel between A and ground and hence have no direct effect on the 
voltage at A. For their duration, however, a conduction path is 
established between A and the tap between R1 and R2; hence A is 
clamped to a fixed voltage for their duration. Notice that the actual 
value of the clamp level may be adjusted by the position of the tap. 
Between successive pulses, when the diodes are cut off by the volt-

ages on CI and C2, they appear as an open circuit between A and 
ground. In other words, between pulses the grid return resistor of V2 
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is infinite, providing an infinite time constant of the coupling circuit, 
which, in turn, effectively gives a flat response down to zero frequency, 
even though the coupling condenser, C3, may be of the order of 500 
pd. Thus the clamping circuit provides an excellent low-frequency 
response. 
More important, the clamping circuit stabilizes the composite 

video signal. Since the grid of V2 is clamped to a fixed voltage once 
each line interval, the maximum effect that a spurious low-frequency 
component can cause at the grid is that which occurs during one line 
interval. This clamping effect is illustrated in Fig. 13-15. The 

(a) 

(b) 

(C) 

- - - CLIP LEVEL 

-CLAMP LEVEL 

(d) 

6 

Fig. 13-15. The effect of hum is reduced by clamping. Since 
the signal is clamped at a fixed level once each line, the maximum 
hum that can appear in one line is 8. The scale of the hum voltage 
is greatly exaggerated to illustrate the effect of clamping. 

magnitude of the hum component is greatly exaggerated in the dia-
gram for the purpose of illustrating the action. Notice in the final 
clamped voltage that the error in each line is equal to the change in 
hum voltage during that line. This is represented in the diagram by 
the quantity b. 
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It may be seen from the diagram that the height of the various sync 
pulses after clamping is not constant. This defect may be remedied 
by applying a sync-negative version of the clamped signal to a biased 
amplifier stage so that all the pulses are clipped to a common level, 
indicated at d in the figure. Notice that the sync pulses in the final 
wave are of smaller relative amplitude than in the wave shown at c. 
In order to preserve the proper sync amplitude, sync stretching may 
be employed before clamping takes place. 
The basic circuit of the sync stretcher and its associated compo-

nents is shown in Fig. 13-16. V1 and V2 are the same tubes shown 

V6-SYNC STRIPPER 
AND AMP. 

Fig. 13-16. The sync stretcher shown in relation to the clamping 
circuit. 

in the preceding figure. The sync-positive composite video signal is 
fed to the biased sync stripper Vg. With proper adjustment of the 
bias, the picture components of the signal lie below cutoff and only 
the sync is amplified and inverted. Simultaneously, the composite 
video is clamped on the grid of V2 in the manner previously described. 
Having a common plate load, V2 and Vg serve as a mixer and add the 
amplified sync pulses to the composite video as indicated; the sync 
has been stretched. The problem of phase shift is eliminated because 
both signals go through a single tube and add in a common impedance. 
The relative height of the sync in the combined signal is adjusted by 
controlling the clip level on the grid of 177. Thus the problem of 
insufficient sync height, which was pointed out in connection with 
Fig. 13-15d, has been corrected. 
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It should be realized that the basic circuit shows the principles in-
volved in the line amplifier. In commercial versions of the equip-
ment, additional clamping is employed at the sync stripper input and 
other critical points in order that even greater stabilization of the 
signal is obtained. All stages in the unit are compensated out to 
eight or even 10 megacycles in order to ensure that a high-quality 
signal is delivered to the transmitter proper. 

1 3-10. The Video Amplifiers 

Figure 13-13 shows five stages of video amplification in the video 
section of the visual transmitter. These serve to develop the neces-
sary modulating power for the final modulated stage. We have 
already discussed the problem of compensating amplifiers for broad-
band operation; our remarks here will be confined chiefly to the 
problem of developing the necessary power or voltage in each stage. 

All of the amplifiers in the video section are operated in Class A to 
minimize distortion and, hence, in theory require no driving power. 
Each stage, then, with the exception of the modulator serves to raise 
the level of the driving voltage for the succeeding tube. Since the 
voltage levels are high, approaching 1 kilovolt for the last stage, large 
tubes of the power variety are necessary. Generally, tubes of this 
sort have comparatively low values of µ and the five stages shown in 
the diagram are required. Another factor points to the use of power 
tubes. We shall see that relatively low values of plate load resistance 
must be used. Then as the voltage level is raised, En/R increases, 
requiring a tube of large power-handling ability. 

It is desirable to use small tubes of the same type wherever possible 
because of the low initial cost and the resulting reduction in spare tube 
stock required. Thus, in the first two stages of Fig. 13-13 two or 
three 807's are operated in parallel in order that sufficient power may 
be developed with the comparatively small tubes. We shall now 
consider the effect of shunt capacitance on output voltage when 
two tubes are operated in parallel. To simplify the discussion we 
shall assume that simple shunt compensation is used. Let I be 
the output current per tube and RI the load resistance for a single 
tube operating alone. Its output voltage will be 

Eo = IR1 ONE TUBE (13-32) 

where R1 is determined by C8, the total shunt capacitance across the 
plate load. 
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If, now, two identical tubes are placed in parallel the total shunt 
capacitance is increased by C., the output capacitance of the second 
tube. If the bandwidth is to remain unchanged, a new value of 
R1 will be required, namely, 

Cs  
R1 — R1 + . Two TUBES IN PARALLEL (13-33) 

C. C 

and the new output voltage will be 

C, Cs  
= = 2IR1 — C. (13-34) ± 

Notice that if C. is the larger part of C., C. C. and there is no 
advantage gained in paralleling the tubes; E.' E.. If, on the 
other hand, the strays and input capacitance are large in comparison 
to C., parallel operation is practicable and will give a larger output 
voltage than may be obtained with a single tube. 

Naturally the use of compensation is mandatory. We have seen in 
Chapter 7 that series-shunt compensation permits a higher value of 
load resistance and voltage amplification than shunt compensation; 
hence, series-shunt compensation is to be preferred. It is important 
to note that the various design equations which were derived for 
video amplifier compensation must be modified when applied to power 
amplifiers. In our earlier work which centered on voltage amplifiers, 
it was assumed that the plate resistance, r, was very large as cum-

20 

-=" 

25 

PEAKING 
COILS 

500/L 

.01 

t0011 828.5 

Fig. 13-17. A typical coup ing network for the intermediate power 
level stages of the video amplifier. 
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pared to RI and had negligible shunting effect on the plate load. In 
triode power amplifiers r„ may be of the same order as RI, in which 
event R1 must be replaced by R1', the parallel combination of the two 
resistances 

1 1 _L 1 
R1' = 

in all of the design equations. A typical coupling network for use 
between stages 2 and 3 of Fig. 13-13 is shown in Fig. 13-17. 

(13-35) 

13-11. The Constant-resistance Network 

As the power level is raised along the video amplifier chain the 
power dissipation requirements of the several plate load resistors are 
also increased. It is unfortunate that shunt capacitance is inevitably 
associated with resistors and its value increases with the size of the 
resistor. 16 The constant-resistance network may be employed to per-
mit the use of smaller resistors 
of lower power capacity for a 
given plate load requirement. 
The two networks shown in Fig. 
13-18b and c are alternate 
forms of a constant-resistance 
network and are equivalent in 
their operation.'6 

Consider the circuit of Fig. 
13-18a. We desire that the in-
put impedance shall be a pure 
resistance and independent of frequency. What are the requirements 
on X, and X2 to meet this condition? The input admittance of the 
net work is 

(a) (b) (c) 

Fig. 13-18. Constant-resistance 
networks. 

Y ± 
1 1  R — jXi  R — jX2  

— . . _ , -r- R + jA l R + 3.X2 Ro-  ± A 1-. R2 ± X22 

(  1 1  ) . (  X, X2  \ 
= R 0 j + 

R2 ± Xi' + R2 + X2" R0- + X 12 R2 + X22 f (13-36) 

is A convenient rule of the thumb is that in small carbon resistors of the re-
ceiver type, the shunt capacitance, in micromicrofarads, is numerically equal to 
the wattage rating of the resistor. 
" A third form of the network has been shown in Fig. 12-13a. The method 

of operation is quite similar in all three forms. 



514 THE COMMERCIAL TELECASTING SYSTEM 1113-11 

If the input admittance is to be real, the imaginary term of (13-36) 
must be zero; thus, 

xi X2  

R 2 ± X12 ± X22 
(13-37) 

Clearing and combining terms, we finally have 

R2 = — XiX2 (13-38) 

Equation (13-38) may be satisfied if 

= 

X2 = — 
coC 

Substituting these values into (13-38) we get for the design condition 
of the constant-resistance network: 

and 
(13-39) 

R = CONSTANT-R NETWORK (13-40) 

Substituting (13-38) into (13-36) we get for the input admittance 

Y = R [R2 ± X22 ± R2 ± X121 ± 

(R2 + X12) (R 2 + X22) j.0 

R r2R2 ± (X12 ± X22)] I 
- R2 L2R2 (X12 -1- X22) — 

and we see that the impedance of the network is R at all frequencies. 

It may also be shown that the network behaves like a pure resistance 
for transients. A similar analysis shows that the same design con-
dition and input impedance obtain for the series form of the network, 
which is illustrated at c in the figure. Notice that the shunt capaci-
tance across each resistor has been neglected; hence the results are 
approximate. 
We may show quite readily that the network is of the crossover 

type. At the low frequencies C has a high reactance and most of the 
power is dissipated in the left-hand resistor. At the high frequencies, 
L offers a high impedance and most of the power is delivered to R in 
series with C. At the crossover frequency, fr, the power is divided 
equally. Thus at f,, the currents in the two branches are equal and 

wce 
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1 
or 

w L̀ — wee 

whence fe — 1 (13-42) 
27r.V7/ 

Notice, then, that if we apply a signal covering a 5-megacycle band-
width to the network, the power will he shared by the two resistors. 
Each resistor may be smaller than a single resistor of the same value 
of R. By this artifice the effects of shunt capacitance across the load 
resistor proper may be reduced. 

It is of interest to note that for a typical television signal the power 
will not divide equally between the two resistors in the network be-
cause the distribution of energy is not constant over the entire video 
band." In practice, however, the two network resistors are chosen 
with equal wattage ratings. 

In practical design of the constant-resistance network the shunt 
capacitance associated with each resistor is neglected. The design 
values of L and C are then pruned to give proper operation. It 
should be noticed that the series-type network of Fig. 13-18c has a 
slight advantage in that the shunt capacitance associated with the 
lower resistor is compensated by decreasing C by the value of the 
shunt capacitance. This technique of "washing out" an undesirable 
capacitance by making it part of the constant-resistance network will 
be used again in a later section. 

Notice that the network does not compensate for the input and 
output capacitances of the tubes on either side of the network; hence 
some form of compensation is still required as indicated in Fig. 13-17. 

1 3-1 2. The D-C Component 

We have previously shown in Chapter 7 (see Fig. 7-28) that the 
grid swing requirements for a video amplifier may be reduced by 
retaining the d-c component of the signal. This component may be 
restored at any grid with the help of a d-c insert or clamping circuit. 
The use of such a circuit is indicated in the fourth video stage in 
Fig. 13-13, which stage employs an 891. Once inserted, the d-c 
component may be retained by clamping in each successive stage or 

17 See G. H. Brown, "A Vestigial Side-Band Filter for Use with a Television 
Transmitter." RCA Renew, V, 3 (January 1941). Brown shows the energy 
distribution in the sidebands of a modulated wave. 
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by the use of direct coupling of some sort. Clamping cannot be used 
in the final grid-modulated amplifier; hence direct coupling is the rule 
between the modulating and the modulated amplifiers. We shall 
consider two forms of direct coupling which are applicable in the high-
power video stages of the transmitter. 
The first system to be described was used in the Columbia Broad-

casting System color television transmitter built by the Federal Tele-
phone and Radio Corporation.'s The basic circuit of a direct-coupled 
amplifier is shown in Fig. 13-19a. The coupling between the plate 

Fig. 13-19. A direct-coupled video interstage network. The 
cl-c plate voltage is bucked out by a power supply isolated from 
ground. (Courtesy of Federal Telecommunication Laboratories, 
Inc.) 

load and grid of the two tubes is through a well-regulated d-c power 
supply, which has a terminal voltage of (Ebb -F E„). With the polar-
ity shown this bucking supply leaves the grid with a voltage relative 
to ground of — E„, the bias. 
The basic circuit has an inherent difficulty: the bucking supply 

must be ungrounded with the result that both of its terminals will 
have shunt capacitance to ground. This shunt capacitance adds to C. 
across the plate load and impairs the high-frequency response of the 
system. To remedy this difficulty the two isolating resistors, Ri, 
may be used as shown at b in the diagram. These resistors are chosen 
to have a resistance much greater than R1 so that the plate load is 
unaffected by their presence, and they isolate the plate and grid from 
the bucking-supply capacitance. Since no grid current flows, the 
d-e signal component is unaffected by the resistors. As far as the high 

18 Federal's High Power Transmitter built for the Columbia Broadcasting System 
for Color or Fine Line Television. F. T. and R. Corp. Material used through the 
courtesy of the Federal Telecommunication Laboratories, Inc. 
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frequencies are concerned, however, a return path is completed 
through the input capacitance of the second stage and the IR drop 
in the isolating resistors becomes intolerable. To eliminate this 
condition a condenser Cb is bridged across the d-c network to provide 
a low-impedance path for the high-frequency components. Thus in 
the upper frequency ranges the coupling is through Cb. The d-c and 
low-frequency components, which represent changes in background 
level, pass through the bucking pack; since no d-e current flows, both 
terminals of the pack rise and fall by the same amount as the low-
frequency changes in plate potential. 
The second system of direct coupling to be described is employed in 

the R.C.A. TT-5A transmitter. It differs from the first system in the 
manner of handling the shunt capacitance which exists between 
the bucking-supply terminals and ground. We shall develop the 
circuit step by step, the first of which is shown at a in Fig. 13-20. 

R. 11..7. 
(a) (b) 

Fig. 13-20. The video interstage coupling network used in the 
R.C.A. TT-5A video transmitter. 

Observe that the design concept is to wash out the shunt capacitance 
on the positive side of the bucking supply by making it part of a 
constant-resistance network. In order to isolate the grid from the 
capacitance between the negative terminal of the bucking supply and 
ground, an isolating inductance, Li, is used as shown in Fig. 13-20b. 
In the actual design Li must be chosen so that the constant-R network 
operates properly. Notice that at the higher video frequencies the 
internal impedance of the bucking supply is practically zero so that 
LR and Li are in parallel; hence their parallel combination must have 
the value required by the design equation of the constant-R network, 
or 

(13-43) 
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Clearly ( 13-43) may be satisfied by setting 

1,1 = LR = 2L (13-44) 

We may summarize the operation of the coupling network as follows. 
For the d-c component, Cb presents an open circuit so that 1.1 does not 
shunt LR. LR has zero reactance and shorts out the upper resistance; 
the entire plate load is furnished by the lower resistance. Coupling of 
the d-e component is through the bucking supply, both sides of which 
rise and fall by the same amount as the change in d-e plate voltage. 
For the high video frequencies Cb and the bucking supply have 
negligible impedance and LR and Li combine in shunt to give L; the 
plate load is the entire constant-resistance network. Coupling of the 
high-frequency components is through the bucking condenser, Cb, 
which prevents them from passing through the high series impedance 
of LR 4- Li = 4L. 
The constant-resistance concept has been extended in an extremely 

ingenious manner in the TT-5A transmitter; it is used as a filter net-
work for the plate power supply. The development of the filter 
system is illustrated in Fig. 13-21. The original plate load is shown 
at a. At b the lower resistance is replaced by a second constant-
resistance network and the terminal impedance of the entire circuit 
remains unchanged. This procedure may be used again and again 
until the required amount of filtering is obtained for the d-c power 
supply, which replaces the final resistance in the series as shown at c. 

It may be seen from the diagram that the plate power supply views 
the entire network as a condenser input filter, while the video circuit 
sees a constant impedance, R. Since better regulation of the d-c 
voltage is obtained if a choke input filter is used, it is desirable to 
modify the network slightly. This may be accomplished by using 
the parallel form of constant-resistance network shown at d in the 
figure. Thus if we replace the power supply by the parallel network 
and move the supply one section to the right, we have the network 
shown at e and the desired condition is obtained. The constant-
resistance network can therefore be used to provide the proper plate 
load and power supply filtering as well. The basic diagram of the 
complete network that may be used to couple the modulating to the 
modulated stage is illustrated in Fig. 13-21f. In commercial prac-
tice more sections are provided to ensure adequate filtering. The 
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Fig. 13-21. Development of the R.C.A. interstage coupling net-
work. (a) The basic constant-resistance network. (b) The lower 
resistor is replaced by a constant-resistance network. (c) One more 
stage has been added and the final resistor replaced by the internal 
resistance of the power supply. (d) The parallel form of the con-
stant-R network may be used to provide a choke input for the power 
supply. (e) The network shown at (d) is used as a terminal section 
to provide a choke input filter for the plate power supply. (f) The 
complete coupling network. Additional filter sections may be added 
for better filtering. 

initial ripple at the input of the filter is held to a low value by using 
polyphase rather than single-phase rectifiers. 

THE MODULATING SECTION 

A third function required of the visual transmitter is the modulation 

of the 12-F carrier in such a manner that the output wave is of the 
negative transmission type. The section of the transmitter which 
performs this function may be termed the modulating section; it 
comprises the modulating and modulated amplifiers. Notice that we 
are borrowing the former from the video section, for the two stages 
may best be discussed as a unit. 
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A number of features of the modulating section have already been 
discussed. We have seen that grid modulation must be used in the 
high-level modulation transmitter and that the necessary modulating 
power across a low load impedance may be obtained by operating two 
or more tubes in parallel. We have also discussed means of providing 
the direct coupling between the modulating and modulated stages. 
In the present section we shall investigate certain other factors of 
concern in the modulating section. 

1 3-1 3. The Modulated Stage 

In general, the size of tube required for a given output power in the 
final or modulated stage may be reduced by using two tubes in a 
push-pull connection. In contrast to the video stages the modulated 
stage may take advantage of this connection because the modulated 
output wave is symmetrical about the zero axis. Since linearity is 
required between the R-F output and the video modulating voltages, 

MODULATED 
AMPLIFIER 

MODULATING 
AMPLIFIER 

— Ebb, 

Fig. 13-22. A representative modulating section. 

TO 
VESTIGIAL 
SIDEBAND 
FILTER 

the final stage will operate in Class B with the bias adjusted at the cut-
off value. The diagram of a representative final stage is shown in 
Fig. 13-22. Notice that direct coupling is employed and that the 
instantaneous effective bias on the final amplifier is — E'a (the d-c 
bias) plus the sync-positive video signal. During the R-F peaks grid 
current flows in the final stage; hence the interstage coupling re-
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sistance must be chosen low enough so that the flow of grid current 
has a minimum effect on that resistance. A typical modulation 
characteristic for the final stage is illustrated in Fig. 13-23. Notice 
that the flow of grid current on the modulation peaks introduces non-
linearity. This may be minimized by utilizing less modulating signal 
so that operation is confined to the left of the vertical 
line on the diagram. This procedure inevitably 
lowers the output and the efficiency of the stage. A 
compromise may he struck by noting that for nega-
tive transmission the modulation peaks are produced 15,/ 

by the synchronizing pulses; hence, we may corn- ec 6-

pensate for curvature in the characteristic by stretch- Fig. 13-23. 

ing the sync amplitude in the video section so that Modulation 

it is too great in the modulating signal. Then it is characteristic of 
the  compressed grid-modu-again to its proper value by the modula- lated Class B 

tion characteristic. We have already discussed the stage. 

sync stretcher, which may be adjusted properly by 
viewing the wave form of the demodulated output of the final stage. 
Great care must be taken to ensure that the sync in the radiated 
signal is of the proper amplitude, for the maximum tolerance allowed 
by the F.C.C. is ±2.5%. 

Notice that some slight compression of the whites will occur because 
of the curvature in the lower portion of the modulation characteristic. 
This is not serious, though it will result in a slight unbalance in the 
contrast of the final reproduced image. 

13-14. The Plate Load 

The design of the plate load impedance of the final stage is ex-
tremely important. Assuming that a modulating signal range of 
4.5 megacycles is used, the plate load would be required to have a 
pass band twice as wide, or 9 megacycles, for double-sideband trans-
mission. For television signals a portion of the lower sideband must 
be suppressed so that it is desirable to off-carrier-tune the tank circuit. 
The lower sideband rejection obtained in this manner can ease the 
requirements on the vestigial-sideband filter. A satisfactory pro-
cedure is to design the tank circuit for a half-power bandwidth of 
6 megacycles. Reference to Fig. 12-43a shows that the limits of this 
half-power bandwidth should be located as follows. 
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= upper half-power frequency 

= fc -I- 4.5 megacycles 

h = lower half-power frequency (13-45) 

= f - 1.5 megacycles 
Now, even in the lowest channel, No. 2, the fractional half-power 
bandwidth is roughly 0.1, or the required Q is 10; hence we may 
assume that the pass characteristic of the tank circuit displays arith-
metic symmetry, and the required center, or resonant, frequency may 
be taken to be the arithmetic mean of the half-power frequencies. 

fo = resonant frequency of the tank circuit 

_ — 1.5 + .1; ± 4.5 
— 2 — 2 

= 1.5 megacycles (13-46) 

It follows directly that 

= fo — 3 megacycles 

and f2 = fo ± 3 megacycles (13-47) 

The power output and linearity of the modulation characteristic are 
dependent upon the load on the modulated tubes. Let RL be the 
required value of this load for a single tube. For the push-pull con-
nection, the total resistance required from plate to plate is four times 
this value and we shall designate this total resistance as R. Then 

RL = (13-48) —R211 
4 

With these data given we can calculate the constants for the plate 
tank circuit. At resonance, fo, it must present a real impedance of 
magnitude R„, and its half-power bandwidth must be 6 megacycles. 
The diagram of a lumped-constant resonant tank circuit is shown in 
Fig. 13-24a. Consider, first, the value of C required. We have seen 

-I- I SHORTED 
CT  LINE 

T 1  
(a) (I)) 

Fig. 13-24. Plate tank of the final stage. (a) Lumped constants. 
(b) Distributed constants. 
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that in a tuned amplifier the gain-bandwidth product is inversely 
proportional to the shunt C present. Thus, for a given half-power 
bandwidth, the maximum output will be obtained from the amplifier 
if C is at its minimum possible value. For this reason C should be 
the output capacity of the tube itself plus whatever stray capacitance 
is present. In the larger water-cooled tubes the water jacket con-
tributes to the total shunt capacitance and its contribution must be 
taken into account. In typical commercial transmitters the total 
shunt capacitance may be held below 10 icd. 
We next calculate the value of L that is necessary to meet the 

design conditions. By its definition, the circuit Q is 

I, _ fo •,‘ — e 
where fo = resonant frequency (13-49) 

àf = half-power bandwidth 

= f2 — fi 

It may be shown that for all the assigned television channels the 
necessary value of Q is approximately 10 or greater. For example 
in channel No. 2 we have 

By (13-46) 
fo = f -F 1.5 = 55.25 -I- 1.5 = 56.75 megacycles (13-50) 

56.75 
Q = — 9.45 (13-51) 

In the higher channels fo > 56.75 megacycles and àf remains constant 
at 6 megacycles; hence the value of Q for channel No. 2 is a minimum. 
With a Q in the vicinity of 10 or more, the condition of antires-

onance in the tuned circuit is given by 

1 
cooL = (13-52) 

coot, 

and the required value of L is 

L = wo2c 
1 

(13-53) 

At antiresonance, the impedance of the network must be equal 
to R„ and we may write 
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rC le" 

or the required value of resistance in series with L is 

(13-55) 
le„C 

An alternative expression for r may be derived from the definition 
of Q. 

woL 1 Q = 
wer r 

1 
or r — (13-56) 

cooCQ 

The value of r given by (13-55) or (13-56), may be obtained in two 
ways. The tuned circuit may be loaded with water-cooled non-
inductive resistors, or the coupling between the output transmission 
line and the tank circuit may be adjusted so that the proper value of 
resistance is reflected from the transmission line. In either case the 
power loss is the same. 
We have seen in Chapter 12 that in the higher television channels 

the values of inductance required are so small that they are difficult 
to obtain with lumped circuit parameters. By way of example we 
may calculate the value of L required for the tank circuit of a trans-
mitter operating in channel No. 7. We shall assume that the total 
shunt capacitance in the circuit is at a maximum, say 10 ¿ if. By 
eq. (13-46) the resonant frequency for this channel will be 

A = f. + 1.5 = 175.25 -I- 1.5 = 176.75 megacycles ( 13-57) 

and from ( 13-53) the value of inductance required is 

1 

(13-54) 

L —  
4e1.7675)2 x 1016 x io-ii — 0.814 X 10-7 henry (13-58) 

This value is too low to be obtained conveniently with an inductance 
coil and the use of a transmission line as the tank circuit is indicated. 

It might be presumed from our previous work that a quarter-wave 
short-circuited line should be used. Actually this is not a satis-
factory solution to the problem because we must reckon with C, the 
total shunt capacitance of the output circuit; we must choose a section 
of transmission line to replace the value of L calculated in eq. ( 13-58). 
In doing this we may draw on the results of the last chapter to an 



Fig. l3-25. The final stage of a video transmitter. The par-
allel-line plate tank is located directly above the tubes. Large-
diameter tubing is used for the line that fits over the plate cornice-
lions. Cathode leads are shown below the shelf. The U-shaped 
outnut coupling loop is located behind the plate lines. (Courtesy 
of Columbia Broadcasting System.) 
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advantage, for it was demonstrated that a shorted line of length X/8 
exhibits an inductive reactance equal to that of a lumped inductance 
over a limited frequency range. It may be shown from our previous 
equations that for channel No. 7 f2/fo = 1.015 and fi/fo = 0.983; 
hence from Fig. 12-17 we see that a negligible error is introduced by 
using the line in place of the coil. 
With 1 chosen as X0/8 we next must calculate the Ro of the line. 

Thus, from eq. (12-52), 

1 ir 
= Ro tan —woC 4 

1 
Ro = 

coot, 

(13-59) 

where C is the output capacitance of the final stage. 
Since the output circuit of the push-pull amplifier is balanced to 

ground, it is more convenient to use the parallel wire rather than the 
coaxial form of transmission line. For the former, Ro is given byl° 

Ro = 276 log -b (13-60) 
a 

where b is the spacing between centers of the conductors and a the 
radius of the conductors. The physical length of the short-circuited 
transmission line may be calculated quite readily. In general, the 
phase velocity along the line is roughly 2.5 per cent less than it is in 

free space; hence we may write 

= (0.975)(3 X 10'°) cm/sec (13-61) 

X0 (0.975)(3 X 101°) 1440. or / - - - inches (13-62) 
8 8(2.54)10 f 6., Om . c. Om . c. 

For channel No. 7 this represents a length of 8.15 inches. Caution 
should be exercised in using this figure, for it represents the total 

effective length of the plate line and must include the length of the 
connecting leads plus the length of the plate leads within the tubes 
themselves. In the higher channels this may bring about consider-
able difficulty because enough of the plate line must be external to the 
tubes so that coupling to the transmission line may be effected. This 
trouble may be overcome by extending the line length, 1, to some odd 

"F. E. Terman, op. cit., chap. 4. 
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multiple of Xo/8. That this procedure does not affect the electrical 
properties of the line may be verified from the short-circuited line 
reactance curves of Fig. 12-15a. 

It may be observed from eq. (13-59) that the required value of 
transmission line characteristic impedance, Ro, increases as the reso-
nant frequency, f 0, is lowered; hence in the lower television channels 
a large ratio b/a is required for constructing the parallel wire trans-
mission line and it may not be possible to fit the required dimensions 
to the plate connections. Furthermore, in these lower channels the 
between-conductor spacing may approach the physical length of the 

line, thereby rendering the Ro equation invalid. Where these con-
ditions exist, an alternate design procedure is necessary. Since the 

required value of Ro may be reduced by changing the line length from 
the X/8 value, a new and longer value of I may be chosen to lower Ro 
to a practicable value. If this procedure is followed, care must be 
taken to ensure that the line presents the proper reactance within a 
few per cent over the entire pass band. As in the lumped circuit case, 
the necessary value of r may be reflected in from the transmission line. 

TRANSMISSION LINE AND 
ANTENNA SECTION 

The fourth function required of the television transmitter is that it 
deliver the vestigial-sideband signal of the R.A. type to the antenna 
system. Thus, in this last section we shall discuss the various com-
ponents which perform this function. 

1 3-1 5. The Coupling Loop and Balun 
As a first step in delivering the output of the final modulated stage 

to the antennas we must couple the modulated output to the trans-
mission line system. Mutual inductance coupling is used in order to 
isolate the transmission line system from the high d-c voltage on the 

plates of the final amplifier. A further problem arises in that the final 
output, which is balanced to ground, must be converted to an un-
balanced signal because the coaxial form of transmission line is used 
throughout the entire filter and antenna feed system. One form of 

coupling network and Balun which has been used successfully is 
shown in Fig. 13-26. The left-hand member of the inverted U is a 
quarter of a wavelength long at fo and the impedance between X and 



(a) (b) (c) 
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ground is infinite. For this reason the extended portion of the coax 
center conductor may be fastened at X for physical support and still 

remain ungrounded to a-c. Coupling be-
tween this extended center conductor and 

COAX the final stage is provided by placing the 
entire U close to the plate line of the final 
stage, the actual distance between them be-
ing adjusted so that the proper value of 

TO V.S4.B.FILTEP resistance is reflected back into the tank 
Fig. 13-26. The Balun circuit. The single-ended output appears 

pickup loop. An actual 
across the coaxial line and is delivered di-loop of this type is shown 

in Fig. 13-25. rectly to the vestigial-sideband filter. 
The sideband filter which is the second 

major component of the output section has been covered in Chap-
ter 12. We next consider how its output, which is unbalanced to 
ground, may be converted to the balanced condition required by the 
antenna system. A simple Balun such as the one shown in Fig. 
12-23 may not be used. Current practice employs a variation of 
the device in order to provide satisfactory operation over the full 
radiated bandwidth of approximately 6 megacycles. We shall first 
consider why the simple Balun falls short in operating over this rela-
tively broad bandwidth. Its equivalent circuit is shown at a in 
Fig. 13-27. At fo the Balun sleeve has a length of Xo/4 and behaves 
like an antiresonant circuit. At all other frequencies, however, the 

L =2LI 

Cp= Ci/2 

(d) 

Fig. 13-27. Broadbanding the Balun. The two output leads 
from the Balun may be coaxial lines. (a) Equivalent lumped-con-
stant circuit of the Balun shown in Fig. 12-23. (b) Cross section 
of the broadband Balun. (c) Equivalent circuit of (b). (d) Simpli-
fied equivalent circuit. 



§13-145) THE VIDEO TRANSMITTER 529 

length is not X/4, the impedance from y to ground is no longei 
infinite, and the condition of balance is upset. 

This condition is remedied by the modified Balun shown in cross 
section at b. Notice that the center coax conductor is extended and 
anchored to an additional quarter-wave stub and that the outer 
sleeve has been extended upward to enclose this stub. By this device 
lines x and y are both connected to ground through equal impedances, 
and balance is maintained. The stub lengths are each X0/4 and pre-
sent infinite impedance to ground at fo. At other frequencies the 
impedance departs from its infinite value but balance is maintained, 
for both the upper and lower stubs exhibit the same frequency charac-
teristic." 

13-16. Diplexer 

The signal is push-pull at the Balun output and ready to feed the 
antenna system. Before discussing the transmitting antenna, how-
ever, it is well to consider the diplexing unit, which is indicated in the 
block diagram of the over-all television system (Fig. 9-1). Let us 
digress for a moment to see what need, if any, exists for such a unit. 

In our discussion of the transmitting facilities we have directed our 
attention wholly to the visual transmitter. In an actual station two 
transmitters must be used, the visual unit and the aural unit, which 
transmits the sound program accompanying the television picture. 
Normally one might expect that each transmitter feeds its own 
separate antenna system; such a procedure has been used in several 
television stations. Another approach to the problem is possible, 
however, because the audio carrier lies just above the upper limit of 
the video sidebands. Thus, if an antenna can be devised which can 
handle the full 6-megacycle bandwidth allotted to aural and video 
signals and if a feed system can be devised to prevent interaction 
between the two transmitters, they both may feed a single antenna 
system with a large saving in initial installation cost. The second 
condition is satisfied by the diplexer, which permits both transmitters 
to feed a single output without interaction. 

20 An alternative form of broadband Balun, which gives a standing-wave ratio 
of less than 1.25 over a 4 to 1 frequency range, is described by E. G. Fubini and 
P. J. Sutro in "A Wide-Band Transformer from an Unbalanced to a Balanced 
Line." Proc. IRE, 35, 10 (October 1947). 
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Consider the Wheatstone bridge circuit shown in Figure 13-28a. 
Since the two resistances are equal and the two reactances are equal, 
the bridge is balanced. Both generators deliver power to the re-
sistors, but they are completely isolated from each other. No voltage 
appears between U and V due to E2, and E1 produces no voltage 

(a) 

Fig. 13-28. Development of the diplexing unit. (a) Wheatstone 
bridge with two applied voltages. (b) The return path for E2 is 
completed through ground. (c) The lower half of the bridge is 
replaced by a coaxial Y section. (d) The Y is combined with a 
Balun to give the complete circuit. 

between W and Z. By using ground as a common return we may 
draw the circuit as shown at b. We have already seen that we may 
replace a lumped reactance by a section of transmission line; hence 
we may replace the lower half of the bridge by a coaxial Y shown at c. 
Now let Elbe the output of the aural transmitter, and E2 the output 

of the visual transmitter after it has been converted to a push-pull 
form by a Balun like that shown in Fig. 13-27b. If this unit is 
combined with the Y section, we have the diplexer in its final form as 
at d. Corresponding points in the diplexer and the basic Wheatstone 
bridge are labeled similarly to simplify comparison of the two circuits, 
which are equivalent to each other. 

It must be emphasized that the diplexing unit is not essential. Its 
use does eliminate the need for two separate antenna systems for the 
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visual and aural programs; it is a standard feature with the RCA 
TT-5A transmitting equipment. 

TRANSMITTING ANTENNAS 

It is beyond the scope of our work to study transmitting antennas 
in detail.2' We shall, however, state a few of the principal factors in 
their operation and describe a few typical antenna systems. Before 
proceeding to these factors we must first decide upon the direction of 
polarization of the radiated signal and the shape of radiation pattern 
required. 

13-17. General Requirements 

An electromagnetic wave traveling in space has two components, an 
electric and a magnetic field. If each of these two fields be repre-
sented by a vector, the electric field vector and magnetic field vector 
will be normal to each other and to the direction of propagation. The 
direction of polarization of the wave is taken to be the direction of 
the electric field. 
A horizontal antenna radiates a wave whose electric field is hori-

zontal; hence we may say that the wave is horizontally polarized. 
On the other hand a vertical antenna radiates a vertically polarized 
wave. Thus in deciding the direction of polarization of the radiated 
signal we are in effect deciding whether a vertical or horizontal an-
tenna shall be used. The National Television System Committee in 
its report to the Federal Communication Commission recommended 
that horizontal polarization be standardized, for in comparison to 
vertical polarization it gives a better signal to noise ratio, is less 
susceptible to multipath reflections, and simplifies the design of the 
receiving antenna. n It is interesting to note that vertical polar-
ization permits a simpler transmitting antenna; the choice of hori-
zontal polarization favors the receiver at the expense of the trans-
mitter. 

In reference to the location of the television transmitter the F.C.C. 
specifies that "the transmitter location should be as near the center 
of the proposed service area as possible, consistent with the appli-

21 See G. E. Hamilton and R. K. Olsen, "Television Antenna Design." Com-
munications, February and March 1947. 

22 For a complete comparison of the relative merits of the two types of polariza-
tion see D. G. Fink, Television Standards and Practice. New 'York: McGraw-
Hill Book Company, Inc., 1943. 
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cant's (station owner's) ability to find a site ‘‘ it h sufficient elevation 
to provide service throughout the area. Location of the antenna at a 
point of high elevation is necessary to reduce to a minimum the 
shadow effect on propagation due to hills and buildings, which may 
reduce materially the intensity of the station's signals in a particular 
direction."" in compliance with this directive most transmitters 
are located near the center of their service areas and, hence, require 
an antenna that radiates equal power in all directions in the horizontal 
plane. Such an antenna is described as omnidirectional. 

It is convenient to show the directional characteristics of an an-
tenna by means of its radiation pattern, which is a polar plot of 
relative radiated field strength v. direction in the horizontal plane. 
In choosing a transmitting antenna, then, we seek a horizontally 
polarized antenna system whose radiation or directivity pattern in 
the horizontal plane is a circle. 

Certain other mechanical features are required of the transmitting 
antenna: it should be sufficiently rigid to withstand wind and ice 
loads and should be easy to mount at a high elevation. 

1 3-18. The Dipole 

The basic radiating element of most television transmitting an-
tennas is the horizontal dipole, or half-wavelength-long antenna, fed 
at the center and placed parallel to the earth. For such a radiating 
element the field strength g at any angle O measured from the axis of 
the antenna in the horizontal plane is given by" 

i [cos Gcos 

  volts/meter (13-63) 
g = 60 d sin 0 

where I is the current at the antenna midpoint in amperes and d is 
the distance from the antenna in meters. The field pattern or 
relative field strength may be plotted directly from the bracketed 
factor in eq. (13-63). The results are shown in Fig. 13-29. This 
"figure eight" radiation pattern indicates that the simple dipole alone 
falls short in meeting the omnidirectional requirement on the tele-
vision antenna. 

22 Federal Communications Commission, Standards of Good Engineering Prac-
tice Concerning Telerision Broadcast Stations, 1945. 

24 F. E. Terman, Radio Engineers' Handbook, New York: McGraw-Hill Book 
Company, Inc., 1943. 
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L- x/2 

THE DIPOLE 
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195 345 
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e° 

Fig. 13-29. Relative field strength of a dipole in the horizontal plane. 

60/ 
— volt/meter 

1 3-19. Crossed Dipoles 

If, now, two dipoles be placed 
normal to each other and fed in 
time quadrature (i.e., the two 
are driven 90° out of phase), 
each dipole will exhibit a figure-
eight field, but the resultant 
field will have the shape shown 
in Fig. 13-30. This resultant 
characteristic is derived on the 
following basis. In any direc-
tion O the fields from the two 
antennas are in time quadra-
ture; hence the resultant field is 

RESULTANT 
PATTERN 

IDEAL 
PATTERN 

/ 

PATTERN FOR 
ANTENNA 1 

• 

• 

8 r = .\/"T2. -T 622 (13-64) Fig. 13-30. Radiation pattern of a 
pair of crossed dipoles fed in time quad-

Inspection of the diagram shows rature. 
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that the crossed dipoles produce a field which closely approximates 
the ideal circular pattern, and such a combination may be assumed 
satisfactory for television work insofar as the horizontal directivity is 
concerned. 

Under certain circumstances the configuration of the supporting 
structure is such that the pair of crossed dipoles cannot be used. As 
a case in point, consider the tower of the Chrysler Building in New 
York City, which at one time housed the transmitting facilities of 
WCBS-TV. As may be seen from Fig. 13-31 the tower proper is 

Fig. 13-31. Transmitting antennas located on the tower of the 
Chrysler building in New York City. The antenna circled in white 
is an experimental one, used for color transmission in the vicinity of 
500 megacycles. At the top of the picture are four dipoles for 
transmission of the aural program. On the next lower level are the 
video antennas of the folded dipole type. (Courtesy of Columbia 
Broadcast ing S.cst em.) 
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topped by a long aluminum spire. Were the crossed dipoles to be 
used, they would have to be mounted on the spire itself. Installation 
costs render such an installation impracticable and certainly the 
appearance of the building would not be enhanced by the protruding 
antenna elements and their associated transmission lines. To over-
come these difficulties an an-
tenna array consisting of four 
dipoles, one on each of the 
four tower sides, has been used. 25 
With these four elements fed in 
phase the field pattern has eight 
lobes, as shown in Fig. 13-32, 
and offers a satisfactory com-
promise. The particular pat-
tern shown in the figure is for 
an early prewar installation in 
which diplexing was not used. 
The several antennas which 
may be seen on the tower are 
identified in the caption of Fig. 
13-31. 

It should be noticed that in 
the Chrysler Tower installation 
each dipole is backed by the 
surface of the tower so that the energy radiated in the back lobe of 
the figure eight is reflected in the forward direction and eq. ( 13-63) 
no longer obtains. It is interesting to note that along the diagonals 
through the tower the fields from adjacent dipoles overlap, causing 
the field to be a maximum. 

( 

Fig. 13-32. Radiation pat t eril of 
four dipoles arranged in a square and 
fed in phase. The rear lobe of each di-
pole is reflected in the forward direc-
tion by the tower on which the anten-
nas are mounted. 

13-20. Vertical Directivity 

We have observed that the use of more than one dipole in the 
horizontal plane modifies the radiation pattern in that plane. In a 
similar manner, the stacking of dipoles one above the other modifies 
the radiation pattern in the vertical plane. To illustrate this princi-
ple we consider the radiation pattern of the dipole in the plane per-
pendicular to the dipole axis. Since rotational symmetry prevails 

25 I'. C. Goldmark, "Problems of Television Transmission." J. Appl. Physics, 
10, 7 (July 1939). 
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in the plane, the radiation pattern is a circle. Notice, then, that a 
vertical dipole would be an ideal radiating element because of its 
omnidirectional characteristic in the horizontal plane. We have al-
ready seen, however, that it would produce a vertically polarized 
wave, which is deemed less desirable for the television system as a 
whole. 
With the dipole placed parallel to the earth, its circular vertical 

pattern represents a waste of radiated energy because all the energy 
radiated above the horizon is lost as fár as receiving sets are con-
cerned. It is desirable, therefore, to modify the vertical radiation 
pattern so that more energy is concentrated toward the horizon. This 
may be accomplished by stacking two dipoles one above the other and 
feeding them in phase. For this simple array of two dipoles, spaced 
a half-wavelength apart and driven by two equal in-phase currents 
the field in any direction 4) is given by 

ir 
8, = cos (2— cos 4)) 

Evaluation of ( 13-65) shows that 
lobed, as shown in Fig. 13-33, and 

X12)C050 

X 

00° o 

Fig. 13-33. Two dipoles are stacked 
vertically and fed in phase to increase 
the radiated energy in the direction of 
the horizon. 

(13-65) 

the resultant pattern is double-
that the maximum field is in the 
horizontal direction (4) = 90°). 
Notice also that in this direction 
the resultant field is twice that 
produced by a single dipole act-
ing alone. The required in-
crease in directivity has been 
obtained. 

It is instructive to reason out 
the shape of the double-lobed 
pattern on a physical basis. 
Since the pattern is symmetrical 

about the vertical and horizontal axes, we need consider only the lower 
right-hand quadrant, defined by 0 ≤ ≤ 90°. Consider a point P 
far removed from the antenna and in the direction 4) = 90°. The 
two antennas are excited in phase and are the same distance away 
from P; hence the fields from both dipoles are in phase at P and add 
algebraically to give 8, = 8 8 = 28. 
Next consider a point P below the array at 4) = 0°. Since the 

wave from the upper antenna travels one half-wavelength farther 
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than the wave from the lower antenna in reaching P, the two waves 
arrive in phase opposition and give 8, = C — C = 0. At all other 
angles in the first quadrant the wave from the upper antenna travels 
an additional distance (X/2) cos cp and the two waves arrive at P with 
a phase difference e, given by 

e = 7r cos Irk (13-66) 

and the two fields may be combined by the law of cosines. 

Cr = + e + 28i cos (ir cos 0) 
= *N/ g N/1 ± cos (ir cos 4)) 

= 28 cos cos 4)) 
2 

and we have derived eq. (13-65). 

1 3-21. The Turnstile Antenna 

The method just described for increasing vertical directivity by 
stacking radiating elements above each other may also be applied to 
the crossed dipoles to give a turnstile antenna.e Such an array 
provides essentially an omnidirectional horizontal pattern with good 
vertical directivity. The latter may be increased even further by 
stacking more than two bays of crossed pairs. A three-bay turnstile 
antenna and its feeder system is shown in basic form in Fig. 13-34. 
The feeder system shown in the diagram is of particular interest 

because all the dipoles in a vertical stack (i.e., la, 2a, 3a or lb, 2b, 3b) 
must be fed in phase, but the two stacks must be fed in quadrature. 
These phasing conditions are met by proper adjustment of the feed 

lines. Since an electromagnetic wave travels with a finite phase 
velocity, it suffers a shift in phase which is proportional to the elec-
trical distance traveled, a distance of one wavelength corresponding 
to a shift of 360°. Thus a line of length X/4 may be used to delay 
a signal by 90°. We utilize this fact in the turnstile. By making 
the main feeder to stack b X/4 longer than the stack a feeder, the 
former stack is driven 90° lagging with respect to stack a, and the 
required quadrature condition is obtained. 

" Little agreement is present in the literature in the use of the term "turnstile," 
it being used in some cases to denote a single pair of crossed dipoles. We shall 
adopt the notation that turnstile refers to pairs of crossed, horizontal dipoles 
stacked vertically above one another. 
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(a) (b) 
Fig. 13-34. The turnstile antenna. (a) Configuration. (b) Feeder 

system. 

Now consider the phase relationships that exist vertically in a 
given stack. Dipole 2e is X/2 farther away from the driving source 
than dipole 3a; hence it would normally be driven 180° out of phase 
from 3a. This condition is eliminated by transposing the interbay 
feeders as shown in the diagrams. The phase reversal, resulting from 
transposition, adds to the 180° shift caused by added line length, and 
the net shift is zero. Thus the in-phase relationship is maintained 
in each vertical stack. 

13-22. Broadbanding 

In discussing the radiation patterns of the antenna systems men-
tioned in the last few sections we have carefully avoided one of the 
principal problems present in the television system, that of band-
width. It is well and good to specify the dimensions of an antenna 
array in terms of some wavelength, X, but when the radiated signal 
covers a frequency band of roughly 6 megacycles, just what X should 
be used and what is the performance of the system at wavelengths 
other than the one which is the basis for the design? To answer this, 
we must consider the effect of frequency on two factors: the radiation 
pattern and the impedance match between the transmission line and 
antenna array. As a starting point we may assume that the array 
dimensions are specified in terms of Xo, the arithmetic mean of the 
wave bandwidth to be transmitted. At other frequencies in that 
band, the electrical dimensions of the array change and the directivity 
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of the radiated pattern will also change. In television transmission, 
however, the percentage bandwidth, AN°, is 0.1 or less, and these 
effects are generally considered to be of small importance. 
On the other hand, the variation of the antenna impedance with 

frequency is of great concern. It is well known" that if energy is 
supplied to an improperly terminated transmission line, only part of 
the energy will be absorbed in the termination and the rest will be 
reflected back to the driving source. If a similar mismatch occurs 

at the source, some of the energy will be reflected again and will 
appear at some later time at the terminating end as a "ghost" or 
reflected image. This condition is serious in television work because 
the ghost shows up as a weak image, displaced to the right of the 
main image on the receiver's fluorescent screen. 
When reflections occur on a transmission line, the incident and 

reflected waves add to give "standing waves" of current and voltage. 
The ratio of a voltage maximum to a voltage minimum along the 
line is known as the voltage standing-wave ratio 

P — Emax 

is 

and is a measure of the impedance mismatch at the terminal end of 
the line. When the line is terminated in its characteristic impedance, 
the voltage is constant along the line 

I Emax I = Emin I and p = 1 

As a practical matter, it has been found that p should be 1.1 or less 
through the whole television transmitter-to-antenna system. This 
condition requires that the antenna driving-point impedance remain 
constant within close tolerances throughout the entire 6-megacycle 
band. In general, two methods may be used to broadband the an-
tenna impedance: the antenna may be designed to have a low Q, or 
compensating networks may be used. We shall consider these in 
order. 
As the diameter of a radiating element is increased, the element's 

Q decreases; hence one general principle of broadbanding an antenna 
is to use a conductor of large diameter. An extension of this principle 
has resulted in broadband dipoles consisting of two cones apex to 

27 c, for example, J. D. Ryder, Networks. Lines and Fields. New York: 
Prentice-Hall, Inc., 1949, chap. 5. 
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apex, two ellipsoids end to end, and other similar configurations. 
An example of a large-diameter, broadband dipole is shown in Fig. 

13-35. A difficulty encountered with wide-band antennas of this 

Fig. 13-35. A large-diameter broadband dipole formerly used by 
WCBS-TV. (Courtesy of Columbia Broadcasting System.) 

type is that they must be mounted rigidly to withstand wind and ice 
loading. 
The second hroadbanding principle involves the use of a corrective 

network siniated across the in-
put terminals of the antenna. 
The design of such a network is 
not easy and generally resort 
must be made to graphical 
methods of solution.2s A rather 
crude idea of the principle in-
volved may be obtained from 
the following considerations. 
The radiating dipole element is 

/ P 

I 

fc, 

Fig. 13-36. Broadlianding a di-
pole with a compensat ing circuit. The 
admittance. Y., of tlw dipole is shunted 
by a complementary admittance, V. 

" Staff of the Radio Research Laboratory, Very High Frequency Techniques. 
New York: McGraw-Hill Book Company, Inc., 1947, vol. L See also F. E. 
Terman, Radio Engineering. New York.: McGraw-Hill Book Company, Inc., 
1947, chap. 14. 
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approximately equivalent to a series resonant circuit. Let it be 
shunted by a parallel resonant circuit as shown in the diagram. Since 
the admittance functions of the two circuits are approximately com-
plementary, they may be added to give a resultant admittance 
Y = Y, Y„, which is approximately constant within a limited 
band range. Generally the compensating shunt network takes the 
form of a transmission line stub. 

13-23. The Super Turnstile" 

The super turnstile or batwing antenna has been widely used in the 
installation of postwar television transmitting stations and is a good 
example of the broadbanding technique. Consider the development 
of the radiating elements of this array as shown in Fig. 13-37. At a 

mm, 

=I 

a) (ID) (c) 

Fig. 13-37. Development of the batwing radiating element of 
the superturnstile antenna. (a) Dipole with compensating stub 
supports. (b) The dipole is expanded into a sheet and the vertical 
edges are notched to provide a better current distribution. (c) The 
sheet is replaced by a number of horizontal bars to reduce wind re-
sistance. 

we have a dipole and two shunt broadbanding stubs. Made of 

tubing, these stubs serve also as supporting elements for the dipole 
proper. Since the horizontal bar of each stub is located at a voltage 
node, these points may be grounded, thereby providing a rigid sup-
port. In order to provide additional broadbanding, we lower the Q 
of the dipole by expanding it into a vertical, conducting sheet, as 
shown at b in the diagram. 

If now the vertical edges be notched as indicated by the dotted 
lines at b, the current distribution in the sheet is modified so that 
maximum current flows along the top and bottom edges and a mini-
mum current flows across the center of the sheet. With this current 
distribution the radiating sheet is approximately equivalent to two 

29 R. W. Masters, "The Super Turnstile Antenna." Broadcast News, Number 
42 (January 1946). 
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broadband dipoles stacked vertically at a distance of X0/2, as illus-
trated in Fig. 13-33. The notched sheet equivalent of the dipole 
pair is quite satisfactory from an electrical standpoint, but mechani-
cally it represents a poor design because the large sheet has consider-
able wind resistance. This last difficulty is overcome by using the 
compromise design shown in Fig. 13-37c where the sheet is replaced 
by a number of horizontal conducting bars. The number of these 
bars required to maintain the proper electrical characteristics has 
been determined experimentally to be seven. The resulting batwing 
exhibits excellent broadband characteristics and commercial design 
has centered on three batwing sizes, one to cover each of the following 
frequency bands: 54-66, 66-88, and 174-216 megacycles. 
The batwing elements may, of course, be crossed in pairs and 

stacked vertically in a turnstile pattern to form a super turnstile 
antenna. A typical unit of this type before erection is shown in 
Fig. 13-38. The particular antenna shown employs six bays stacked 

Fig. 13-3g. A six-bay superturnstile antenna before erection. 
(Courtesy of American Broadcasting Company.) 

vertically and provides a power gain of 6.4 as compared to a simple 
dipole located at the midpoint of the super turnstile array, i.e., 6.4 
kilowatts fed to the dipole would produce the same field as 1 kilowatt 
fed to the actual array. 

13-24. Testing 

It is beyond the scope of our work to consider the several tech-
niques used in checking transmitter performance. A description of 
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these techniques is available in the literature.3°.3'.".3 We shall, 
however, consider one test which is quite representative, namely, that 
of the standing-wave ratio on the transmission lines which inter-
connect the transmitter, filter, and antenna system. 
The standing-wave ratio, p, has been defined in eq. (13-67) and 

may be determined by measuring the voltage maximum and minimum 
along the transmission line. This may be done by the familiar 
slotted-line technique,34 which requires that a section of the line, at 
least X0/4 in length, have its outer conductor slotted to allow the 
introduction of a probe into the coaxial line field as shown in Fig. 
13-39a. Since the voltmeter reading is proportional to the voltage 
across the coaxial line at the point where the probe is inserted, I E.. I 
and I E.. I may be determined by sliding the probe along the slot 

DETECTOR AND VOLTMETER 

PROBE 
SLOT IN OUTER 
/CONDUCTOR  

 J  

CROSS SECTION 1 

( a) 

(b) (C) 

Fig. 13-39. Determination of voltage standing-wave ratio on a 
coaxial line. (a) The slotted line may be used for measuring p. 
(b) A directional coupler may also be used to determine p. (e) Equiv-
alent bridge of the directional coupler. (Courtesy of Proc. IllE.) 

" Standards on Television, "Methods of Testing Television Transmitters," 
The Institute of Radio Engineers, 1947. 

31 Standards of Good Engineering Practice Concerning Television Broadcast Sta-
tions, Federal Communications Commission, 1945. 

32 M. Silver, "Monitor for Television Broadcasting Stations." Proceedings 
of the National Electronics Conference, Vol. 3, 1947. 

33 J. F. Morrison and E. L. Younker, "A Method of Determining and Moni-
toring Power and Impedance at High Frequencies." Proc. IRE, 36, 2 (February 
1948). 

34 M.I.T. Radar School Staff, Principles of Radar. New York: McGraw-Hill 
Book Company, Inc., 1946, chap. 8. 
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and noting the corresponding voltmeter readings. When these two 
voltages are known, p may be calculated from their ratio. 

Notice that the presence of the slot which must accommodate the 
movable probe in the outer coaxial conductor precludes the use of a 
pressurized coaxial line. Since it is desirable to maintain dry air or 
nitrogen under pressure in the line to reduce the danger of arc-over, 
we seek an alternative technique, which utilizes a fixed probe. If 
such a scheme is possible, the probe may be fixed in position with an 
insulating, pressure-tight collar and gasket, but some technique other 
than that of measuring E.I and I &Jo I must be found in order 
that the standing-wave ratio may be determined. 

Since the voltage maxima and minima along the transmission line 
are the direct result of the incident and reflected waves, it should be 
possible to measure the power in each of these components separately 
and then to determine p from these measurements. What is required, 
then, is a device which will measure the flow of energy in one direction 
along the line. Several forms of directional coupler have been de-
vised which meet this requirement. One type, developed by Morri-
son and Younker is illustrated in Fig. 13-39b.35,35.37 The small slot 
in the outer conductor of the coaxial line behaves like a lumped in-
ductance in series with the outer conductor and the probe is capaci-
tively coupled to the center conductor. The whole measuring circuit 
may therefore be redrawn as a Maxwell bridge, as shown at c in the 
diagram. Consider the operation of the circuit when the trans-

mission line is properly terminated in its characteristic impedance, Ro. 
C may be adjusted by varying the probe-to-center conductor spacing 

until 

RRo = - (13-68) 

which specifies the balanced condition of the bridge. When this 
condition obtains, no current flows through the meter, which will read 
zero. In other words, when the bridge satisfies (13-68), energy 
flowing from left to right along the transmission line produces no 

reading on the meter. 

35 Op. cit. 
36 For basic considerations in directional couplers see W. W. Mumford, "Direc-

tional Couplers." ¡'roc. IRE, 35, 2 (February 1947) and Correction, 37, 6 (June 
1949), p. 625. 

37 For other forms of directional coupler see F. E. Terman, Radio Engineering, 
chap. 4. 
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If, on the other hand, the generator and load are interchanged, the 
bridge will no longer be balanced and the meter reading depends upon 
the flow of energy from right, to left along the transmission line. 
Thus the bridge circuit is sensitive to the direction of energy flow in 

the line. If the line is improperly terminated and reflections occur, 
the meter reading will depend upon the energy in the reflected wave 
only. 

It may be shown quite readily that the incident wave energy will be 
measured if R and the meter are interchanged. Thus if a switching 
arrangement in the bridge is provided, the power in the incident and 
reflected waves, Pi and Pr, respectively, may be measured and the 
corresponding standing-wave ratio will be 

P - 

1 — 
Pi 

(13-69) 



CHAPTER 14 

RECEIVERS 

Although we have placed emphasis on the video portions of the 
television pickup and transmission facilities, it must be remembered 
that a complete television program consists of two separate groups of 
signals, one for the aural and one for the visual programs. As we 
have seen, each of these programs is radiated on a separate modulated 
carrier, the two carriers being separated by 4.5 megacycles, and in 
designing a television receiver we must devise a single unit which can 
accept both signal groups, separate them, and convert each into its 
appropriate medium of sight or sound. Two receiver design trends 
have developed during the postwar years, which result in receivers 
that, for the lack of more precise terms, we may designate as "con-
ventional" and "intercarrier." In the early part of the chapter 
we shall consider the former type; the intercarrier receiver is discussed 
at the end of the chapter. 

It will be realized that a large number of manufacturers are active 

in the field' and it is not practicable to consider the many variations 
which are used in receiver design. We shall, therefore, confine our 
study to general principles and illustrate them with eiretlits used in 
representative commercial re(PiVcr models. 

THE CONVENTIONAL RECEIVER 

The first type of receiver to be considered is the con\ entional type 
whose functional diagram is shown in Fig. 9-1. As described in 
Chapter 9, it is a special form of superheterodyne receiver which 

comprises a common front end or R-F and converter section which 
selects the visual and aural programs from a single transmitting 
station, amplifies, and converts them to the intermediate or I-F 
frequency band; and two separate I-F and low-frequency systems 

I As of the summer of 1949, television receivers were being produced by over 
130 companies in the United States. Directory of Television Receiver Manu-
facturers, Radio and Television News, 41, 5, 46 (May 1949). 

546 
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which amplify, detect, and convert each program to its proper 
medium. 

14-1. General Discussion 

It is well to consider some of the general aspects of receiver design 
before proceeding to a consideration of the circuit details. For ex-
ample, we have observed that the R-A system of transmission, which 
is standard in the United States, requires that the receiver attenuate 
the incoming signal's lower vestigial sideband in a certain manner, as 
shown in Fig. 12-8b. We must decide in which section of the re-
ceiver this attenuation may most conveniently take place. 

Clearly the R-A characteristic must be located at some point ahead 
of the second video detector because it must operate on a modulated, 
as contrasted to a detected, signal. It follows at once that the re-
quired filtering will take place in the R-F section, the video I-F 
section, or • in both of them. Consider these possibilities. The I-F 
system always works over the same frequency band, regardless of the 
incoming signal frequency. Thus a single filter, placed in the I-F 
chain, may be tuned once to serve for all channels. On the other 
hand, if the filter is placed in the R-F chain, it will have to be re-
tuned each time the set is switched from one channel to another. 
It is at once apparent that the simpler system will result when the 
filtering action takes place in the I-F chain alone. We shall discuss 
means of providing a pass characteristic which has odd symmetry 
about the 50 per cent response I-F visual carrier frequency point for a 
range of ±0.75 megacycle in a later section. 
A second point which must be considered in sets which employ a 

small cathode-ray tube is the maximum video bandwidth for which 
the set must be designed. The need for this consideration arises 
because the smaller tubes, operating with low second anode voltages, 
tend to have a scanning beam whose diameter is disproportionately 
large. As an example of this, consider a 5-in, tube whose beam 
diameter is 1/75 in. For a standard 4 to 3 aspect ratio, the height 
of the reproduced image will be 3 in. and the maximum number of 
elements which can be reproduced along a vertical line in the picture 
will be roughly the height divided by the beam diameter, or 3 X 75 
= 225 elements. In order that the horizontal resolution be equal 
to the vertical resolution, this means that a bandwidth of roughly 
3 megacycles is required. We shall see in Chapter 15 that the gain-
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bandwidth product of an amplifier is a constant for a given tube type; 
hence, if the amplifiers are designed for the full 4.5-megacycle band-
width, more stages will be required for a given gain. For the 5-in. 
receiver under consideration this would represent an uneconomical 
design. Modern television tubes of 10 in. or larger sizes are capable 
of reproducing the full video signal, and sets which incorporate them 
should be designed for a 4.5-megacycle bandwidth. In the work 
which follows we shall use this last figure. 
With these two factors considered we may draw a functional dia-

gram of the conventional receiver as shown in Fig. 14-1. The in-

IF 

1---AUDIO, FM 

4.5 MC 

F - VIDEO, AM 

TUNE, 
AMP VISUAL [ RIX AND BLANK 

SYNC { HORIZONTAL 
VERTICAL 

t4.5 MC 

AURAL- 0.• AUDIO 

Fig. 14-1. Functional diagram of the conventional television re-
ceiver. 

coming visual and aural programs are selected, amplified in the R-F 
stage, and combined with the local oscillator output in the converter 
to give the I-F visual and aural programs. Notice that the local 
oscillator operates at a frequency higher than the incoming carriers. 
This fact shows up in the diagram because the two carriers inter-
change positions: at the input the audio carrier is higher than the 
video carrier, whereas in the I-F systems the video carrier has the 
higher frequency. The reason for this carrier frequency change-over 
is discussed in a subsequent section. 
The two I-F carriers are separated by suitably tuned I-F circuits 

and the remaining portions of the receiver handle the visual and aural 
programs in two independent channels. The functional diagram 
shows the breakdown of the composite signals into their component 
parts. We next consider the several sections of the receiver, which 
are illustrated in the block diagram of Fig. 9-1. 

It is interesting to note that the complexity and performance of 
the input stage of the television receiver has been increasing. In the 
prewar sets, the R-F stage generally took the form of a multiple-tuned 
passive network, which served to provide selectivity and the proper 
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impedance termination for the antenna lead-in line. Since the war 
the industry has become more aware of the problems of noise, local 
oscillator radiation and interference, and the trend has been toward 
front ends incorporating a vacuum tube R-F stage. We first con-
sider the problem of noise at the input of the television receiver, for 
it is at this point that the maximum signal-to-noise ratio of the entire 
receiver system is established. 

14-2. Available Power and Noise Figure2.3 

In order to establish the importance of the first receiver stage in 
setting the signal-to-noise ratio, we shall consider some basic concepts 
of noise and noise generators. First we consider a voltage source, 
which by Thevenin's theorem may be replaced, as far as the load is 
concerned, by a constant voltage E, equal to the open-circuit voltage 
of the generator, in series with an impedance Z9, and equal to the 
internal impedance of the generator. The conventional representa-
tion of the generator is illustrated in Fig. 14-2a. If, now, a variable 

GENERATOR...1 
(a) (b.) 

Fig. 14-2. Alternative representations of a generator. (a) Con-
stant voltage (Thevenin's equivalent). (1)) Constant current 
(Norton's equivalent). 

impedance, ZL, is connected to the generator, the current I flowing 
in the circuit will be maximum when ZL is the conjugate of Zu, 
i.e., when 

RL = 14 and XL = —X, (14-1) 

When this condition is satisfied, the net reactance in the circuit is 
zero, and the maximum current which flows will be 

E 
',flax = - 9- (14-2) 

2R, 

2 The author is indebted to Dr. Yardley Beers of New York University for an 
excellent summary of this material. 

3 The concepts of available power, gain, and noise figure are given by Harold 
Goldberg, "Some Notes on Noise Figures." Proc. IRE, 36, 10 (October 1948). 
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and the power delivered to the load will be 

W = I2max RL --- —4R, (14-3) 

The last three equations are simply a statement of the maximum 
power transfer theorem, and it follows that W is the maximum or 
"available" power of the generator. Since the available power is 
related to E, the generator may also be described in terms of W, its 
available power, and 4, its internal impedance. Of course, this con-
cept may be applied to the generator whether it is a source of signal 

or of noise. 
Still another form of equivalent circuit for a generator may be had 

by application of Norton's theorem. In this case the generator 
is represented by its internal impedance, Z., shunted by a constant-
current generator which produces a current, /, equal to the short-
circuit current. The corresponding equivalent circuit is shown at b 
in Fig. 14-2. Again we have by the maximum power transfer theo-
rem that the maximum or available power of the generator will be 

u, P 
" = 4G. 

where G, is the conductive component of the internal admittance. 
We see, then, that either generator of Fig. 14-2 may be specified in 
terms of its available power and its internal impedance (or admit-

tance). 
Having defined the available power of a generator, we next con-

sider the " available power gain" of a four-terminal network, which 
may be either active or passive. 

(14-4) 

In Fig. 14-3 such a network is 
4- TERMINAL NETWORK driven by a generator of internal 

admittance YA and of available 
power WA. By an extension of 

A our previous work we may re-
Fig. generator is connected to 

a four-terminal network. place the entire network to the 
left of the dotted line by an 

equivalent generator of available power WB and equivalent internal 
admittance YB. Notice that WB will be the power dissipated in the 
load only when YL( = 1/ZL) is the complex conjugate of YB. It 
should he noted that YB may or may not be dependent upon YA, 
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depending upon the nature of the four-terminal network. This fact 
will be illustrated shortly. 
The ratio of WB to WA, the available powers, respectively, of 

networks B and A, is defined as the available power gain, FB, of the 
net work B: 

WR 
FR = — = available power gain of network B (14-5) 

WA 

In the general case both networks of Fig. 14-3 will contain resist-
ance and hence will be sources of Johnson or thermal agitation noise. 
Furthermore, if they contain vacuum tubes, they will produce ad-
ditional noise resulting from shot, flicker, and partition effects, which 
have been described in Chapter 6.4 In that chapter we observed 
that, in each case, tube noise may be replaced by an equivalent 
resistance placed at the input of a noiseless amplifier. The value of 
this resistance is chosen so that its Johnson noise, when amplified 
by the ideal amplifier, will be equal to the output noise of the actual 
amplifier. Thus all noise sources may be reduced to an equivalent 
Johnson noise, which by eq. (6-26) has a mean squared voltage of 

ei = 4kTR 

where R is the equivalent noise resistance which remains constant. 
in the noise band Af. From our definition of available power we 
see that the available noise power of the equivalent resistance R is 

N = R = kT ,àf 
4 

(14-6) 

It is interesting to note that N is independent of the value of R. 
For the sake of complete-

ness we define 4f, the noise 
bandwidth of a network. The rmA X  
curve of P of a network is 
plotted against frequency in 
Fig. 14-4. Then, by definition, 

rm.. àf = area 
under r curve (14-7) 

af—.1 

or = **I.̀  df (14-8) 

Sec section 6-4. 

Fig. 14-4. Determination of the noise 
bandwidth, f. 
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We have already observed in Chapter 6 that e may generally be 
taken to be the half-power bandwidth of the network. Where one or 
two single-tuned circuits occur in the network, Af is 1.57 or 1.22 times 
the half-power value, respectively. 
We now consider the concept of the noise figure FB of network B. 

For the circuit of Fig. 14-3 let 

SA 

NA =-

available signal power of network A, 

available noise power of network A, 

SR = available signal power at the output terminals 
of network B, 

NB = available noise power at the output terminals 
of network B. 

Then, by definition, 

FB = noise figure of network B 

1 (14-9) 

SA/N4 SA NB — (14-10) 
SRINB SR NA 

Since network B contains no signal source, SR/SA is precisely the 

available power gain of the network, and eq. (14-10) may be writ ten 

.NR 
FR - T , (14-11) 

BivA 

Since network B is itself a source of noise, NB/NA is not equal to 

r. but rather 
NB = N AT R kT (14-12) 

i.e., NB consists of an amplified component NA rB, developed in 
network A, plus the component kT àf , which is developed in B. 
We can, however, without changing NB replace B by a noiseless 
equivalent network, say B', of available power gain r8, to which is 
applied an available input noise power Nil, given by 

NB 
NB' = (14-13) r» 

On this basis the noise figure becomes 

. NB'  
I. - - kr àf (14-14) N.4  
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Notice that if B is a noiseless network, the second term in (14-12) 
becomes zero, and the total available noise referred to the input 
becomes simply NA = kT If B is a noise source, the total avail-
able noise referred to the input terminals is NB' of eq. (14-13). 
Therefore (14-14) may be interpreted in the following manner. The 
noise figure FR is the ratio of the equivalent input noise power of 
the actual network B to that of the equivalent noiseless network B'. 

Consideration of the work just presented indicates that NB' also 
consists of two components, the input from the signal source A and 
the noise generated in B, referred to the input terminals of B. The 
former is known to be kT tkr, so the second component may be 
evaluated by judicious factoring. Thus, from (14-14), 

NB' = FskT àf = (Fs — 1)kT kT àf (14-15) 

where (Fs — 1)kT f = the available noise power generated in B, 
referred to the input terminals of B (14-16) 

It should be observed that the whole concept in use here is that we 
replace the actual network by its noiseless equivalent and increase 
the available input power by such an amount that the actual available 
noise at the output remains unchanged. This concept may be ex-

tended to the case where two or more stages are cascaded. Thus let 
the output of network B feed the input of a four-terminal network C, 
which has a noise figure F. Then, by analogy to our previous work, 
we may refer the noise generated in C to the input terminals of C as 

Ne' = (Fe — 1)kT f = available noise power generated in C, referred 
to the input terminals of C (14-17) 

and this, in turn, is reflected back to the input terminals of B as 

Ne' (Fe — 1)kT  
(14-18) - 

Thus, the two-stage network may be replaced by two noiseless stages, 
B' and C', fed by an available noise power 

' Nc' (Fc — 1)kTAf 
NB = FRkT Af 

IR IR 
and, by (14-14), the noise factor of the cascaded pair is 

= F ( — 1) F + 
Fll 

(14-19) 
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The last equation is of extreme importance in the design of the front 
end or R-F section of a television receiver, for note the following: 
if the first stage has a large value of available power gain, PR, the 
noise figure of the circuit is essentially equal to that of the first stage 
alone, and the noise contribution of the following stages may be 
neglected. If, on the other hand, rB is low, the over-all noise factor 
is affected by the remaining amplifier stages. We may, therefore, 
set down a first requirement on the input stage of the receiver: it shall 

have as high an available power gain as feasible, and hence will 
generally be an active circuit employing a vacuum tube instead of 

being a passive circuit. 
A second requirement on the input stage follows immediately. 

If r„ is high, Fg is the noise figure of the entire amplifier; hence the 
input stage should be designed to be as noise-free as possible. We 
have already seen that because of the partition effect, pentodes gen-
erate more noise than similar triodes. We have also seen that high 
values of gm reduce tube noise; hence we expect the input stage of the 
television receiver to employ a high-g. triode. 

In general, a triode may be used in three connections which are 

named for the tube element that is grounded, i.e., grounded cathode, 
grounded grid, or grounded plate (cathode follower). We next in-
vestigate the noise figure and available power gain for these three 
types of connection, which are illustrated in Fig. 14-5. Notice that 

(a) -'--- (b) 

(c) 

Fig. 14-5. The triode may he connected in three ways. (a) 
Grounded-cathode amplifier. (h) Grounded-plate circuit (cathode 
follower). (e) Grounded-grid amplifier. 
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admittances are used instead of impedances in order to simplify the 
algebraic work which follows. Consider first the more conventional 
grounded-cathode stage. The generator circuit at the left of the 
clotted line is the receiving antenna. Then, reading directly from 
the diagram, we have for the grid voltage on the tube 

E - IA Y (14-20) 
A 

and, by the equivalent plate circuit theorem, the plate circuit of the 
tube proper may be replaced by an admittance g, = 1/r, in parallel 
with a generator which produces a constant current 

- gm y A 1±A y i (14-21) 

Now the amplifier stage of Fig. 14-5a may be identified with the 
four-terminal network, B, shown in Fig. 14-3. Thus, in order to 
calculate SR, the available signal power at the output terminals, we 
terminate the output in a variable load YL', which we vary until 
maximum power is delivered by the network. The maximum power 
condition will obtain when YL' is the complex conjugate of the net 
internal impedance y, YL. Under this condition, the total sus-
ceptance is zero and 

GL' g 

where Gil = conductive component of YL' (14-22) 

GL = conductive component of YL 1 

and = p 

The output voltage will be 

g.Ep  - ( a, GL GL' 14-23) 

and, substituting from ( 14-21) and ( 14-22), we have 

g„,IA  
E. = - 

.( YA Yi)2(g, GL) 

and the available signal power will be 

Su = Eo2GL' _ gm2IA2(gp GL)  
41 YA yi 12(gi, GL)2 

gm2IA2 
41 YA I2(gp ± 

(14-24) 

(14-25) 
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By (14-14) the available signal power of the antenna is 

IA2 
SA = (14-26) 

4GA 

hence, by ( 14-5), the available power gain of the grounded-cathode 
stage becomes 

SR gm2GA  
F = 

le SA - Y.4 ± yi !2(gp 4- GL) 

GROUNDED-CATHODE 
STAGE 

(14-27) 

We next consider the noise figure of the same stage. Two sources 
of noise are present in the stage itself, the shot effect in the plate 
current and thermal noise in GL. We consider these in order. From 

eq. (6-24) the mean squared current in the plate circuit resulting from 
the shot effect is 

- = 2ci àf P 

and substituting for 2eiP from .(6-31) we have 

= g„72R.4kT (14-28) 

where R. is the equivalent noise resistance of the tube. Since the 
internal conductance of the circuit is (g2, -F GL), we have by ( 14-4) 
that the available shot noise at the output terminals of the amplifier 

is 

is? gn72RikT  N. — (14-29) 
4(g, GL) (g, GL) 

This noise may be referred to the input terminals of the amplifier 
by application of ( 14-13), thus 

N,' = 

and, substit uting for FB from ( 14-27), we finally have 

YA + Yil2 „ N.' — / tf CI-10T EFFECT (14-30) 

The noise due to the Johnson effect in GL may be handled in a similar 

5 Flicker effect is assumed to furnish a negligible contribution to the noise. 
See section 6-4. 
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manner. Thus the mean squared Johnson noise current in the plate 
circuit is6 

= 4kTGL (14-31) 

and the available Johnson noise power at the output terminals of 
the amplifier will be 

ii2 kr WGL  
N1 -   (14-32) 

4(g, GL) (g,+ GL) 

This quantity may also be referred to the input terminals by the 
use of ( 14-13); hence the available Johnson noise at the input of the 
amplifier is 

YA Y1  GL JOHNSON NOISE 
N,' — kT àf (14-33) 

GA g,,- IN GL 

The two remaining noise sources, which contribute to the total 
noise at the amplifier input, are the antenna itself and the conductive 
component of Y. The available power caused by the former is 

by (14-6) 

NA = kT AI JOHNSON NOISE (14-34) 
IN GA 

The mean squared Johnson noise current due to Gi will be 

if? = 4kT Af Gi (14-35) 

and, as may be seen from Fig. 14-5a, this current generator may be 
moved to the left of the dotted line to become part of the signal 
source, and hence will have an available power 

i.2 JOHNSON NOISE 
N • = = kT (14-36) 

4GA GA IN Gi 

Then the total available noise power at the input of the amplifier 

6 Equation (14-31) is the constant-current equivalent of the constant-voltage 
expression for Johnson noise. This ma 3' he verified from eq. (6-13) and Fig. 
14-2. From the diagram 

_ 
kG 

then (6-26) becomes 
2 

i2 — `. — 4fr"?' "If — 4kTG, Af R„2 
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network B will be the sum of all the available input powers cal-

culated, or 
Nu' = NA + Ni ± N,' (14-37) 

By eq. ( 14-14) the noise figure of the amplifier is 

NB' 
FR = —NA 

which reduces to 

FR = 1 + 
GA 

YA Yi 2 (GL + R1) GROUNDED-
2 

GA gm CATHODE (11-38) 
STAGE 

FR and rn for the grounded-plate and grounded-grid connections 
of the triode may be calculated in a similar manner. The results 
are given below. 

g m 2G A  CATHODE 
FR -  YA Yi 12(g. ± lip GL) FOLLOWER (14-39) 

STAGE 
FR = 1 ± RI) (14-40) 

GA GA —  
lg. g)-GA  

[(GA + Gi)g, (ch, g, ± GA ± Gi)GL](g. ± lip ± GA ± Gi) 
(14-41) 

GA — 
GI, 

for 1 Y!. 1 > > rip, 

g. g„ > > GA + Gi 

FR .= 1 + 9-- 4- —GL gm2I Y.4 ±  Yi 12 lit (14-42) 
GA GA (g. gp)2GA 

NOTE: The third term in (14-42) is based on the approximation 
of equation (14-41a). 

Since we have the expressions for available power gain and noise 
figure for the three triode connections, we are in a position to compare 
their relative merits as an input stage. Comparison of the several 
equations which are listed above shows that for identical values of 
circuit parameters all three connections yield essentially the same 
value of noise figure. Thus, no particular advantage is offered by 
any one of the three on that score. In regard to available power gain, 
a different situation exists. The conventional grounded-cathode 
stage yields the greatest value of 118, with the cathode follower and 

GROUNDED-GRID 
(14-41a) 

STAGE 
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grounded-grid stages following in that order. Therefore, as far as 
localizing noise in the first stage is concerned, the conventional stage 
is superior. 
Other problems arise that do not appear in the analysis which has 

been given, namely, neutralization and broadband effects. Invari-
ably with the conventional triode stage some form of neutralization 
is required in order to prevent oscillation caused by feedback through 
the grid-plate capacitance. In this respect, the two other stages are 
superior. Satisfactory means for neutralizing the grounded-cathode 
stage have been developed, however, as will be seen in the next 
section. Furtherrnore, the trend has been toward the use of pentodes 
to eliminate the need for neutralization. 
The second factor causes quite a problem. In all broadband sys-

tems, such as in television where the pass band must cover a full 
6-megacycle band, the tuned circuits must be loaded to provide the 
necessary low value of Q. Under this condition the value of TB is 
low and the design of the second stage for low noise is of utmost 
importance. Thus, triodes are also used rather than pentodes in the 
second stage. A brief consideration of the fact that each stage may 
be connected any one of three ways, i.e., grounded-cathode, cathode 
follower, or grounded-grid, shows that there are nine possible ways 
in which two triode stages may be connected in cascade. Among 
others, Wallman and his associates have investigated these nine 
possibilities and have recommended a "cascode," consisting of a 
grounded-cathode triode followed by a grounded-grid triode, as that 
combination which yields the lowest noise figure and at the same time 
provides the high voltage gain and stability which may be obtained 
with a pentode.7 The use of the cascode amplifier has not been 
adopted for television receivers. The general practice has been to 
utilize a single pentode R-F stage, which feeds directly into the con-
verter tube that operates in the grounded-cathode connection. 

It is interesting to note from an historical point of view that during 
the war considerable attention was devoted to the grounded-grid 
stage as the input for radar receivers, which in some cases are quite 
similar to television receivers. The voltage amplification of the three 
triode connections expressed in terms of admittances are listed below: 

H. Wallman, A. B. Macnee, and C. P. Gadsden, "A Low-Noise Amplifier." 
Proc. IRE, 36, 6 (June 1948). 
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Grounded Cathode 

A - gm Fr. (14-43) 
gp  

Grounded Grid 

(gm gp A - ) (14-45) 
gp 

Inspection of these expressions shows that of the three the grounded-
grid connection yields the greatest voltage amplification. This is 
quite consistent with our results for the grounded-grid stage in 
Chapter 13, where we observed that the driving source itself contrib-
utes a component to the plate current. Couple this advantage of 
high gain with that of no neutralization and it is easy to see why the 
grounded-grid stage seemed to be excellent for a receiver input stage. 
A special tube, the 6J4, (gm = 12,000 'mhos) was designed especially 
for use in the grounded-grid input. Cognizance of the low available 
power gain which the circuit provides caused it to be abandoned in 
later designs in favor of other connections that provide a lower 
noise figure. 

14-3. Minimum Noise Figure of an Ideal Receiver 

We may define an ideal receiver as one in which no noise sources are 
present. From this definition and our previous work we may calcu-
late the theoretical minimum noise limit of a receiver. We consider 
the antenna of radiation conductance GA, connected to a lossless 
transmission line of characteristic admittance 

Cathode Follower 

A - gm  
gm+ gp+ YL 

(14-44) 

G¿ 

ANTENNA 

IDEAL 
RECEIVER 

(NO NOISE 
SOURCE) 

TERMINATION FOR 
ANTENNA LEAD-IN 

:Fig. 14-6. Antenna termination with 
the ideal or noiseless receiver. 

the receiver. From our previous 
fror, the antenna is 

1 
Go = — = GA (14- 46) 

The line is properly terminated 
by setting Gi = GA = Go. Since 
the line is lossless, it contributes 
no noise and the system behaves 
as if the antenna were connected 
directly to the input terminals of 
work the available noise power 

NA = kT ,àf 

The terminating admittance Gi also has an available noise 

N = kT (14-47) 
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Thus, the total noise at the receiver input is NA Ni = 2kT íf 
and the noise figure for the noiseless receiver is 

F — N .4 Ni — 2 = 3 decibels (14-48) 
NA 

The value of 3 decibels represents the minimum value which can 
ever be obtained with the lead-in line properly terminated. In prac-
tical receivers the noise factor may rise to as much as 20 or 30 decibels 
higher than this theoretical limit. 
We have here the basis of one of the most important concepts of 

radio transmission. For satisfactory reception of the transmitted 
signal, the antenna must deliver to the receiver a signal which ex-
ceeds the receiver noise by a factor equal to the permissible signal-
to-noise ratio. For signals below this value, the signal is lost in the 
noise and is of no value. Notice that at a fixed distance from the 
transmitter the actual signal-to-noise ratio may be improved by 
(1) raising the transmitter power or (2) lowering the noise figure of 
the receiver. Raising the transmitter power has the advantage of 
overriding noise generated in the receiver and outside noise as well, 
but the cost is high. In the absence of outside noise a 5-decibel 
improvement in the receiver noise figure has the same effect on signal-
to-noise ratio as a 3 to 1 increase in power at the transmitter and the 
unit cost is low. The need for low-noise design in the receiver is self-
evident. s 
We next consider the several component stages of the television 

receiver. 

14-4. R-F Stage' 

Until early 1947 the chief problem in regard to the R-F stage which 
confronted television receiver manufacturers seemed to be whether 
or not the stage should be included. Several sets of this period 
appeared in which the antenna fed directly into the converter stage, 
which is poor practice for several reasons. First, the transconduct-
ance of a converter is invariably low so the noise figure of the re-
ceiver tends to be poor. Second, image rejection is very poor. Third, 
with no unilateral isolation provided between the local oscillator and 

8 For additional information on the effect of noise in receiver design see W. A. 
Harris, "Some Notes on Noise Theory and Its Application to Input Circuit De-
sign." RCA Review, IX, 3 (September 1949). 
9 A. D. Sobel, "Television Front Ends." Electronics, 21, 9 (September 1948). 
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antenna, the set radiates a signal at local oscillator frequency which 
can cause considerable interference in other receivers in the vicinity.'° 
Fortunately, the large majority of present-day receivers do provide 
an R-F stage employing a vacuum tube, and these effects have been 
reduced considerably. 
A large number of commercial television receivers employ a single-

ended, rather than a push-pull, input stage. This brings about 
certain design difficulties because most receiving antennas work into 
a balanced-to-ground transmission line. Thus, some form of bal-
anced-to-unbalanced transforming circuit is required. The problem 
is further complicated because a reasonably good impedance match 
must occur at the junction of the antenna lead-in and the receiver 
input terminals in order to minimize reflections resulting from an 
impedance mismatch. A number of solutions to the problem have 
been evolved and may be seen in the various circuit diagrams in this 
chapter. One word of caution must be mentioned. In those stages 
where the cathode operates above ground, the use of R-F chokes in 
the heater leads of the input tubes is imperative in order that the 
cathode not be grounded through the cathode-to-heater capacitance. 
Comparisons of the balanced and unbalanced input stages are avail-
able in the literature." 
The problem of tuning the television receiver warrants special 

attention because of the extremely wide range of frequencies which 
is involved. An inspection of the twelve television channels listed 
in section 9-2 shows that the range of frequencies to be covered 
extends from 54 to 216 megacycles with two large gaps, one from 72 to 
76 megacycles between channels No. 4 and No. 5, and the second 
from 88 to 174 megacycles between channels No. 6 and No. 7. 
Clearly, the problem of tuning over the entire 12 channels with a 
single, tuned antiresonant circuit is out of the question and special 
methods have been devised to overcome this difficulty. The large 
majority of manufacturers use separate tuned circuits, one for each 
channel, which may be selected by means of a rotary switch, push 
buttons, or some form of rotating turret mechanism. 

It is interesting to note what forms of tuned circuits are used in each 

'° E. W. Herold, "Local Oscillator Radiation and Its Effect on Television Pic-
ture Contrast." RCA Review, VII, 1 ( March 1946). 
" It. M. Cohen, "Radio-Frequency Performances of Some Receiving Tubes in 

Television Circuits," RCA Review, IX, 1 (March 1946). 
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of the switch positions. Basically, of course, some form of L-C circuit 
is used, which may be tuned for the proper channel by presetting 
either L or C. We shall see in Chapter 15, however, that the gain-
bandwidth product of an amplifier which employs a tuned load is 
inversely proportional to the total shunt capacitance in the tuned 
circuit; hence in common practice no lumped capacitance is used, and 
C is held to a minimum by utilizing only the circuit strays. The 
resonant frequency is determined by the value of inductance, and fine 
tuning is accomplished by moving a tuning slug in the inductance 
coil. In less expensive sets no tuning slug is provided and fine dning 
is accomplished by squeezing together or separating the turns in the 
inductor. A circuit which employs the lumped-L stray-C form of 
resonant circuit is illustrated in Fig. 14 7. 

RF AMP 

6AU6 

C5 

Rp 

8+ 

O 
Lp 

CONV. TO VIDEO 
7F IF AMP. Cg 

OSC. 
7F8 

INDUCTION 
Ce COUPLED 

ANT.  LK -1-, 
LOSC  Clot 1---P TEL  

TUNING 

T-V-z- OSC 
GRID COIL 

R93 a + 
V\A./— •"" 

1.20 R97 

T 1" •-• 

Fig. 14-7. Circuit diagram of a receiver front end that employs 
lumped inductance and stray capacitance for the tuned circuits. 
The blank switch contacts may be connected to components tuned 
for the commercial frequency modulation band. (Courtesy of 
General Electric Company.) 

An alternate form of tuned circuit uses a resonant artificial trans-
mission line in place of the lumped-L stray-C combination. We have 
already seen that a quarter-wave short-circuited transmission line 
behaves like an antiresonant circuit. The difficulty in using such a 
line in a television receiver is that it would be of excessive length, 
but this may be overcome by using an artificial line consisting of 
lumped L and stray C. This form of tuning system has been used 
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Fig. 14-8. The front end of an R.C.A. receiver. Tuning is pro-
vided by artificial lines, which are mounted on the switch wafers S-1 
through S-5. Fine tuning of the local oscillator is accomplished by 
varying Cl. (Courtesy of Radio Corporation of America.) 
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by R.C.A. in their receivers and is illustrated in Fig. 14-8. As may 
be seen from the diagram, the various sections of line consist of 
inductance of one or two turns and, in some cases of a short link, of 
less than one turn,i2 each section being soldered between adjacent 
contacts on the rotary station-selector switch. Selection of the proper 
length of line is obtained by rotating the shorting bar (shown between 
contacts 2) to the proper position. 

In the earlier R.C.A. 630TS receiver, a push-pull front end was 
used. The input portion of this unit is shown in Fig. 14-9. The 

TO 
ANTENNA 

Ci 6J6 
2701.1fl F 

C2 

I CONTRAST 

Fig. 14-9. The balanced input of an R.C.A. 630TS receiver. 

-ro 
ARTIFICIAL 
LINE 

presence of the push-pull stage allowed neutralization to be accom-
plished quite readily by means of cross-connecting the plates and 
grids of the tube. The neutralizing condensers were chosen to be 
approximately equal to the nominal grid-plate capacitance, which foi 
the 6J6 is 1.6 if. 
Another advantage occurs from the push-pull connection. The 

antenna lead-in of the balanced type may be connected directly to 
the input. Two 270-µd condensers, which were located between 
the lead-in and grids, serve to isolate the bias (from the con-
trast control) from the ground. The input circuit is virtually un-
tuned, which is rather poor from the point of noise, but the over-all 
design holds the noise power to roughly 12 to 14 decibels above the 
thermal limit.'3 Some small degree of selectivity is provided by T1, 
which tends to short out the lower frequency signals. The advantage 

" For the short links, the effective value of L is computed on the basis of the 
distributed inductance along the link. The concept of "turns" as such becomes 
meaningless. 

13 A. Wright, "Television Receivers." RCA Review VIII, 1 (March 1947). 
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of the untuned input is that the antenna lead-in is terminated in its 
characteristic impedance. To this end R1 and R2 add up to 300 ohms, 
the nominal characteristic impedance of a popular form lead-in line." 
With the receiver end of the lead-in properly terminated, a mismatch 
of 5 to 1 at the antenna may be tolerated. We shall see in Chapter 16 
that this tolerance of antenna match is extremely helpful. In the 
later R.C.A. models, such as the 9T240, whose front end is shown 
in Fig. 14-8, the push-pull connection feeding triodes has been 

abandoned in the R-F and converter stages for the less expensive 
single-ended connection which feeds pentodes of the 6AG5 type. 
Notice that additional selectivit y has been provided since both the 
grid and plate circuits of the R-F stage incorporate artificial lines 
for tuning. The input also has provisions for a balanced 300-ohm 
or an unbalanced 72-ohm antenna lead-in. 

In those receivers that employ fixed-tuned circuits which are 
changed channelwise by some form of switch mechanism, no fine 
tuning control is used in the R-F stage proper. On the contrary, 
the fine control is provided by a small variable capacitor, shunted 
across the oscillator tank circuit where a high gain-bandwidth product 
is not required. The criterion for adjusting the fine tuning control 
on the local oscillator is discussed in a later section. It should be 
stated that channel-to-channel tuning for both the local oscillator 
and the mixer input is handled in the same fashion as in the R-F stage. 
We have stated that the large majority of television set manu-

facturers use the fixed-tuned-circuit switch-mechanism system of 
tuning. Three notable exceptions are Du Mont, Belmont, and Gen-
eral Instrument Corporation, each of which utilizes some form of 
continuous tuning. One of the chief advantages afforded by these 
methods is that the need for switch contacts, which can cause poor-
contact trouble, is held to a minimum. The basic Inductuner, which 
is the tuning unit in the Du Mont equipment, is shown in Fig. 14-10. 
The unit at a comprises three variable inductances, one each for the 
R-F, oscillator, and mixer sections. Each inductance comprises 10 
turns of wire on the insulated shaft. Contact to the coil is made by a 
metal finger, which is free to move on a trolley along the axis of the 
coil. Thus, as the tuning shaft is rotated, the coil rotates, causing 
the finger to move progressively along the entire coil length. By this 

" E. D. Johnson. " Development of an Ultra Low Loss Transmission Line for 
h( 'A Relic gr, VII, 2 (June 1616). 
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Fig. 14-10. Two forms of the Inductuner. (a) Three-section 
helical type. (h) Four-section spiral type. (Courtesy of P. R. 
Mallory ami Co., Inc ) 

means the inductance tapped off by the finger is made continuously 
variable from roughly 0.02 to 1.0 microhenry. The complete as-
sembly, as used in television receivers, may he continuously tuned 
from 44 to 216 megacycles and so covers one amateur, two aeronauti-
cal, and the commercial frequency-modulation (88- to 108-megacycle) 
bands as well as the regular television channels. Details of the circuit 
design and operation are available in the literature.'5 In contrast to 
the method mentioned previously, fine tuning is applied to all three 
sections of the variable inductance by means of a mechanical vernier 

15 see, for example, P. \Vare, "Inductive Tuning System for FM-Television 
Receivers." ¡'roc. Radio nob of America, 23, 5 ( March 1946). 



568 THE COMMERCIAL TELECASTING SYSTEM [§1 4-4 

control which operates on the main tuning shaft. Push-button sta-
tion selection may be provided by an electric drive on the shaft. The 
complete Du Mont front end is shown in Fig. 14-23. 
The unit shown at b in Fig. 14-10 represents a later design of the 

Inductuner in which the helical coils are replaced by flat spirals. 
The new design provides considerable saving in space and has certain 
advantages from the electrical standpoint. The required inductance 
range is covered in 6 rather than 10 turns, and the frequency v. turns 
characteristic is more linear. 
The Belmont tuning unit also employs a variable inductance for 

station selection, but permeability tuning is used. Tuning is ac-
complished by moving tuning slugs into or out of two inductance coils. 
This motion is effected by means of a threaded tuning shaft and a 
rack to which the slugs are affixed. As the shaft is rotated, the rack 
is driven back and forth. It is impossible to obtain the required 
4 to 1 inductance ratio with permeability tuning; hence the two sets 
of coils are provided, one each for channels No. 2 through No. 6, and 
for channels No. 7 through No. 13. Switching from one set to the 
other is handled automatically by a switch which is keyed to the 
tuning shaft. Again no separate fine tuning control is provided for 
the local oscillator. 
A third continuously tunable R-F unit is that produced by the 

General Instrument Corporation. It represents a complete depar-
ture from the other two units which have been described in that it uses 
capacitance as the variable tuning element. Notice that the use of 
lumped capacitance in the tuned circuit contradicts the principle of 
maintaining the gain-bandwidth product by utilizing only stray ca-
pacitance. The unit was designed with this fact in mind and means 
are provided so that essentially constant bandwidth is maintained 
when the tuning capacitance is varied. This compensation is pro-
vided by link coupling between the R-F and mixer stages.'6 

Since it is not feasible to build a variable condenser which can tune 
over the required 4 to 1 frequency ratio, a band-switching scheme, 
similar to that of the Belmont unit, is employed, the switchover 
occurring between channels No. 6 and No. 7." As may be seen in 
Fig. 14-11a the condensers for both ranges are mounted on a common 

" J. A. Stewart, "Capacity-Tuned Television Tuner." Radio-Electronic En-
gineering Edition of Radio and Television News, 11, 3 (September 1948). 

17 An extended-range unit which covers the 88- to 108-megacycle F-M band 
in addition to the 12 television channels has aleo been built. 



Fig. 14-11. Two forms of continuously tunable front ends that 
use capacitance as the variable element. (a) Push-pull circuits are 
used throughout. The tuning condensers may be readily identified. 
(b) A single-ended unit. Ni ire the simplification of the circuit. 
(Courtesy of General Instruintlit Corporation.) 

569 
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tuning shaft, the plates of one set being displaced 180° from the plates 
of the other. Thus, the entire television band of 12 channels is 
covered by a single rotation of the shaft. Station selection is simpli-
fied by a detent mechanism, which drops into properly located slots 
on a disk tied to the tuning shaft. These slots are relatively wide to 
give rough tuning. Fine tuning within the width of the slot, that is, 
over one channel, is afforded by a vernier drive which is geared to the 
main shaft. An untuned input circuit is used, a fact which may be 
verified by inspection of the figure: only three tuning sections are 
present, one each for the R-F output, the local oscillator, and the 
mixer input. A single-ended version of the capacity-tuned R-F unit 
is shown in Fig. 14-11b. 
By and large our discussion this far has been concerned with the 

mechanical features of tuning the R-F stage. We consider next the 
electrical characteristics of the stage. Since most tuners employ 
an untuned input circuit, the R-F selectivity is provided by the load 
between the II- l" and mixer tubes. In general terms, the circuits for 
each channel are designed so that the center of the selectivity charac-
teristic lies on the arithmetic mean of the R-F channel. This may be 
identified as the fo used in Chapters 12 and 13. The bandwidth is 
adjusted so that the half-power points of the response curve coincide 
approximately with the upper and lower limits of the R-I" channel. 
The coupling between the R-F and mixer stages may be used to a 

good advantage in controlling the shape of the selectivity charac-
teristic. From our previous work we know that the response char-
acteristic should be flat and the phase shift linear in the pass band if 
distortion is to be minimized. Furthermore, the sides of the ampli-
tude response curve should be steep (good skirt selectivity) outside 
the pass band in order that the selectivity be good. None of these 
conditions is met by a single-tuned circuit. Since tuned circuits are 
used both as the R-F plate load and the mixer input, the advantages 
of double-tuned circuits may be utilized. By adjusting the coupling 
between the two tuned circuits to be nearly the critical value, all three 
factors of response, phase shift, and skirt selectivity are improved. 
Most constant delay time occurs when the actual coupling is slightly 
less than critical.'s The actual value of coupling used in any design 

" For curves of response, phase shift, and delay time of double-tuned amplifiers 
see F. E. Terman, Radin Engineering, 3d ed. New York: McGraw-Hill Book 
Company, Inc., 1947, chap. 7. 
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is a compromise between these three factors. Maximum gain occurs 
at the center frequency when the coupling is critical. 

The choice of tube used in the R-F stage has considerable bearing 
on the operation. In several of the previous sections we have noted 
that available power gain and voltage amplification increase, and the 
equivalent tube noise resistance decreases, as the g,,, of the tube is 
raised. It has also been pointed out that the gain-bandwidth product 
of the amplifiers varies inversely as the tube's capacitance, the tube 
figure of merit being g„,/211-C. Thus we desire a tube with low input 
capacitance and a high transconductance. It is a fad that the cold 
input capacitance of a triode is inversely proportional to the grid-to-
cathode spacing, while is roughly inversely proportional to this 
spacing squared; hence by moving the grid closer to the cathode we 
find that gm increases faster than the input capacitance and power 
gain; amplification and figure of merit all increase. Thus special 
tubes for this type of service have been developed, which have small 
grid-cathode spacing. Some typical examples of these special tubes 
are listed below: 

Tribe Ce(mid) g„,(gmhos) 
6.14 4 12,000 
6J6 1.6 5,300 
6C4 1.6 2,200 

Greater control of plate current by the grid voltage may also be 
had by reducing the spacing between adjacent turns on the grid 
structure. Thus a close-wound grid will also raise the tube figure of 
merit." 

14-5. The Frequency Mixer 

It was shown in the discussion on available power gain that the 
triode R-F stage has a relatively low available power gain; hence 
the noise generated in the second stage of the television receiver makes 

19 In the type 404A pentode a grid-cathode spacing of 2.5 mils and 400 turns 
per inch of 0.3-mil diameter wire on the grid are used. In this case, where the 
electrodes are plane and parallel, the figure of merit is 

(1 dp) 

27re 27r a ié dE, 

where J = current density and a = grid-cathode spacing. See G. T. Ford, "The 
404A, A Broadband Amplifier Tube." Bell Lab. Record, XXVII, 2 (February 
1949). 
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a significant contribution to the noise figure of the whole receiver. 
Thus, in considering the frequency mixer, which is the second stage, 
we seek a circuit that has a low noise figure. In general, frequency 
conversion in a superheterodyne receiver may be accomplished with a 
single multigrid converter tube, which serves as both local oscillator 
and mixer, or by means of two separate tubes, operating independ-
ently as oscillator and mixer. While the former system finds almost 
universal use in broadcast-band receivers, it provides poor results in 
television work, first because the partition noise caused by the several 
grids is high, and second because the converter tube fails to provide 
the high degree of frequency stability required in television work. 
Still another problem may arise when a particularly strong signal is 
developed by the oscillator section of the converter tube. Space-
charge coupling to the signal grid may cause current to flow in that 
grid and the input circuit will be loaded by the resulting increase in 
input admittance. For these reasons, television-receiver design em-
ploys the alternate scheme of separate oscillator and mixer. 
The separate mixer may take on either of two forms, single input or 

double input. In the former, both the signal and local oscillator 
output are applied to a single grid of a triode or pentode, while in the 
latter the two voltages are applied to separate grids in a multigrid 
mixer tube such as the 6L7. Clearly the latter method must be ruled 
out because of the multigrid partition noise. We are left with the 
single-input mixer and we prefer the triode to the pentode because of 
its lower equivalent noise resistance. In this connection it is in-
teresting to note that the majority of prewar receivers employed a 
pentode, the 6AC7. The reason for this choice was that during that 

period the 6AC7 provided the highest value 

of transconductance (g. = 9000 µmhos) 
available. We shall see presently that this 
is an advantage from the standpoint of con-

9 m version gain as well as of noise. The recent 
development of high-gm triodes has elimi-
nated the need for this choice of a pentode 
as the mixer; however, pentodes still enjoy 

 ec o wide use because they minimize neutraliza-
Fig. 14-12. Typical tion problems. 

curve showing the varia- We next consider the operation of the 
tion of transconductance sgle-input mixer circuit. A typical curve 
with grid voltage in ain 
triode. of gm v. e, is shown in Fig. 14-12. If both 
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the signal and oscillator voltages are so small that operation is con-
fined to the straight-line portion of the curve, the following linear 
analysis obtains. We assume that the sinusoidal oscillator voltage 
causes the effective bias voltage to vary in the same manner, thus 

E„' = — E„ e cos wet (14-49) 
where 

Eee = magnitude of the d-e bias voltage, 

E. = peak oscillator voltage, 

wo = angular frequency of the oscillator. 

Then, since the transconductance is related linearly to the bias 
voltage, we may write 

= gm. kEe cos wet (14-50) 

where gm° is the transconductance at the quiescent point. When a 
signal voltage 

e, = Es cos cost (14-51) 

is applied to the grid, the alternating component of plate current 
will be 

i = gmE, cos cott 

and, substituting for g,e, we obtain 

i„ = (gme kEe cos coot)E, cos w,t 

„ k 
= geze + -2 E0E, cos (we ± w„)t -2 E.C s cos (coo — w,)! 

(14-52) 

(14-53) 

The last term in (14-53) contains the difference between the oscillator 
and signal frequencies and is taken as the I-F or intermediate fre-
quency. This I-F term is separated from the two other terms by the 
use of a tuned plate load, which has a resonant frequency equal to 

- f.. 
Our previous work has shown that the modulated television signal 

contains a multiplicity of sideband components, each of a different 
frequency; hence we may interpret E, and (.0„ in the equation as each 
sideband component. It follows, then, that the entire signal is 
reproduced at the output of the mixer, but each frequency has been 
lowered by an amount equal to the local osciliator frequency. 

Inspection of the I-F term in eq. (14-53) shows that the amplitude 
of each I-F component is directly proportional to E„ the amplitude 
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of the corresponding RF component; therefore the relative ampli-
tudes of the several R-F components are preserved in the I-F signal. 
We also note that the I-F amplitude is proportional to E. and to k. 
Thus, in the interests of voltage gain, we want the oscillator voltage 
as large as the limits of linearity between gm and allow. The 
factor k is simply the slope of the gm — e, curve, and for a linear 
mixer we desire a tube which exhibits a steep g„, v. e, characteristic. 
As a practical matter, E. is generally large enough so that the 

variation in gm is not restricted to the linear portion of the curve and 
eq. (14-53) is no longer valid. Where this condition exists a point-
by-point graphical analysis is required. Figure 14-13 shows two of 

ID) 
Fig. 14-13. Types of coupling between the local oscillator and 

mixer. (a) Capacitive coupling. (b) Inductive coupling. 

the common methods of coupling the local oscillator to the mixer 
input. By the application of Thevenin's theorem to the circuit at the 
left of Ra it may be shown that in either case a fraction of the signal 
and oscillator voltages appear in series across Ra. Letting the primes 
indicate that fraction of the corresponding quantity, we may write 

e, = e„' e„' (14-54) 

If the two sinusoidal voltages e.' and e„' are added point by point, 
it will be observed that the envelGpe of their sum, e„, varies at the 
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difference frequency (f. — f.). This fact may be demonstrated as 
follows: The difference frequency, (co. — co.), is a small percentage of 
coo; hence we may write 

or 

o — w8 -= 3 

= w«, — 

Then, from ( 14-54), 

e, = E'. cos (coo — (5)t E 0 cos coot 

= Eo[in cos (co. — (5)t ± cos (001] 

where 
E. 

7H = 
E. 

(14-55) 

(14-56) 

This equation may be simplified by expanding the first term within 

the brackets, thus, 

e, = Eo[m(cos coot cos& ± sin coot sin St) ± cos coot] 

= E0[(1 in cos St) cos C&101 (ni sin St) sin coot] (14-57) 

Our experience in Chapter 12 shows that this expression may be 
reduced to the general form 

ep = V cos (coot — 0) 

where V is the envelope of the combined voltages. Thus, 

V = E.N/(1 ni cos 802 (m sin M)2 

= E.V1 ± 2m cos St + m2 cos2 M ± m2 sin2 M(14-58) 

= EoN/1 + 2m cos St ± m2 

which verifies the statement that the envelope variation occurs at 
the difference frequency," (5 = (coo — co.). 

It must he emphatically stated that this change in amplitude of e, at 
the beat frequency does not mean that the beat frequency is present 

20 There is a strong temptation to further simplify (14-58) by setting m = 1, 
for then 

V = 2E,„ cos —at 
2 

which seems to indicate that the envelope variation is at one-half the difference 
frequency. Actually in the television system 100 per cent modulation is not 
reached because E. > E.. It should also he stated that the plate detector does 
not perform satisfactorily when in approaches unity. 
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on the grid of the mixer. Even though the envelope may be ob-
served with an oscilloscope, the beat note cannot be detected by a 
linear device. In order to produce the difference or I-F frequency 
term, we must apply 4 to a nonlinear device. To this end, the mixer 
may be operated as a plate circuit detector, whose output is propor-
tional to the envelope of 4. Terman" has shown that the I-F voltage 
developed across the mixer plate load is 

ELF. = grEJL (14-59) 

provided that ZL, the plate load impedance, is small compared to the 
effective plate resistance of the mixer tube operating as a detector. 
The term ge is the conversion transconductance, defined by 

a(ib)1.F. ge - O(e)RF. 

and in ordinary tubes is roughly one-fourth to one-third of the trans-. 
conductance gni. It follows that a high-gm tube should be used as the 
mixer. 
The mixer, which is used in the R.C.A. 630TS unit, represents an 

interesting departure from usual design. The push-pull feature of the 
R-F stage is carried over into both the mixer and oscillator sections. 
The signal and oscillator voltages are link-coupled into the mixer grid 
circuit and hence both appear in a push-pull fashion on the two mixer 
grids, i.e., on the mixer. 

and 

e„, = e, eo 

= - (e. eo) 

(14-60) 

Since the resultant wave is symmetrical about the zero-voltage axis, 
the plate currents in the two sections of the 6J6 mixer are in phase 
and the two plates may be strapped together. This connection gives 
an important advantage in that any incoming signal of the I-F 
frequency that arrives at the mixer grids in push-pull fashion, 
i.e., so that egi = - ea at I-F freque-lcy, will cause plate currents 
in phase-opposition that will cancel in the output circuit. 
We may illustrate this analytically, and to simplify the work we 

shall assume that both sections of the mixer are identical and oper-
ating on the "square law" portion of their ib-e, characteristics. 

21 Op. cit., chap. 10. 
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Thus, 

and 

= aegi ± bed' 

42 = ae.2 be,2' 
(14-62) 

We first consider the output when the incoming signals are push-pull. 
Substituting for egi and ea in terms of the signal and oscillator volt-
ages, we have: 

961 = WE, cos coot ± E. cos coot) + b(E8 cos co,t + E. cos coot)? 

= a(E, cos coot ± E. cos coot) 
b(E.2 cos' oht 2E,E. cos coot cos coot ± cas' coj) 

= a(E, cos coot ± E. cos coot) + b(E 82 cos' co,t Eo' cos' coot) 

▪ bE.E. cos (coo ± coo)/ ± bee. cos (w. — ws)t (14-63) 

I-F term 

In a similar manner we calculate ib2 to be 

ib2 = (— E. cos coat — E. cos coot) b(— E cos co,1 — E. cos co.i)' 

= — a(E, cos coot ± E. cos coot) -I- b(E„' cos' co,/ E„' cos' coot) 

▪ bE,E. cos (coo ± coo)t bE,E 0 cos (coo — coo)t (14-64) 

1-F term 

Since the components in both plate currents are of the same sign, 
they add in the output. Notice also that the coo terms will cancel in 
the output because they are of opposite sign; hence direct feed-
through of an incoming signal of I-F frequency is prevented. 
The converter is unable to cancel out signals of the I-F frequency 

which arrive at the two grids in phase, for, in this case, 

es, = esi (14-65) 

and ib1 = aegi -1- bee' 

= a(E, cos coat ± E. cos coot) + begi2 (14-66) 

and t62 •=•" 4242 + be,' 

a(E. cos (0,4 — E. cos coot) -I- beo22 (14-67) 

Since the two terms in coo are of the same sign, they will add in the 
output, and the desired cancellation is not obtained. To prevent 
feed-through of this type of signal on the mixer grids, which may be 
the result of feedback from the mixer plate circuit or of direct pickup 
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of the incoming signal by the grid circuit, a series resonant trap is 
provided between the far end of the mixer grid line and ground. This 
series circuit is tuned to the I-F frequency and so eliminates the 
possibility of I-F frequency signals appearing in phase on the mixer 
grids. 

14-6. The Local Oscillator 

In the superheterodyne receiver the beat note of intermediate 
frequency is produced by mixing the R-F signal with the output of a 
local oscillator, operating at the proper frequency. In the present 
section we shall consider three of the principal factors which are of 
concern in the design of the local oscillator section of the receiver: 
(1) stability, (2) frequency of the oscillator relative to the input signal, 
and (3) type of oscillator to be used. We shall consider these in 
order. 

It is an interesting fact that the stability limits on the local oscil-
lator frequency are determined by the audio, rather than the video, 
portion of the complete television program. This may be seen from 
the following example: Recall that the television transmission stand-
ards permit a total swing of ±25 kilocycles in the frequency-modu-
lated sound carrier and a bandwidth of approximately 4.5 megacycles 
for the video signal. Now consider that a local oscillator, operating 
at 100 megacycles (this figure is chosen arbitrarily to simplify the 
calculations) drifts 0.03 per cent. Since the input signal frequency 
remains constant, the corresponding change in the I-F frequency will 
be 

0.0003(100) = 30 kilocycles (14-68) 

Clearly a change of 30 kilocycles in 4.5 megacycles will produce but 
little effect on the video signal. On the other hand, the 30 kilocycles 
drift in the audio carrier exceeds the change in frequency caused by 
100 per cent modulation of the audio carrier and so will cause an 
intolerable degree of distortion in the demodulated audio signal. 
Thus, the stability of the oscillator must be such that the frequency-
modulated sound signal remains on the linear portion of the dis-
criminator characteristic. To this end the discriminator is normally 
designed to be much wider than 50 kilocycles, as might be expected 
from the transmission standards, 300 kilocycles being a typical value. 
We have already observed that most commercial receivers in-
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corporate a fine tuning control, \\ hich may be used to compensate for 
local oscillator drift. On the basis of the example in the last para-
graph we see at once that the local oscillator should always be adjusted 
to give optimum sound rather than optimum picture reproduction. 
The example also illustrates the basis for automatic frequency 

control of the television receiver local oscillator. It may be shown 
that the frequency-modulation discriminator is sensitive to drift of 

the center or carrier frequency and delivers a d-c error voltage, whose 
magnitude and polarity are proportional to that drift. Hence an 
automatic frequency control system may be set up, comprising a 
reactance tube shunted across the local oscillator tank, the reactance-
tube bias being determined by the error voltage developed by the 
sound discriminator. The operation of the circuit is identical to that 
of the automatic frequency control circuit described in C'hapter 11. 
Notice that excellent control is obtained for the picture because the 
error voltage is derived from the sound channel, which is more vulner-
able to oscillator drift than is the broadband picture channel. The 
validity of the last statement presumes that the sound and picture 
I-F systems are in proper alignment. 
The choice of the oscillator frequency relative to the frequency of 

the incoming signal is based on three principal factors; image inter-
ference, oscillator tuning range, and video I-F amplifier design con-
siderations. For the first two factors it is desirable to have the 
oscillator frequency higher than that of the signal. Where double-
tuned I-F amplifiers are used, the same condition is desirable because 
the gain-bandwidth product increases as the center frequency is 
raised." On the other hand, the problems of local oscillator stability 
become more difficult at higher frequencies but the consensus is that 
this point is outweighed by the other advantages, and the choice of 
the high local oscillator frequency is almost universal. The actual 
value of oscillator frequency for any channel is based on the value of 
intermediate frequency used in the particular receiver. Three com-
mon sets of I-F frequencies are listed below. 

Visual I-F Carrier Aural I-F Carrier 

A 25.75 megacycles 21.25 megacycles 
B 26.40 21.90 
C 37.30 32.80 

22 See, for example, F. E. Terman, op. cit., chap. 7. 
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Since all the R-F signal frequencies are lowered by the same amount 
in the heterodyning or mixing process, the 4.5-megacycle separation 
between the two carriers is preserved in the I.F., a fact which may be 
observed in the list of commonly used frequencies just given. It may 
also be observed that an inversion has been brought about because 
the oscillator operates at a higher frequency than the R.F., thus the 
visual I-F carrier is higher than the aural I-F carrier. In the postwar 
period there has been a definite trend toward higher values of I.F., 
or to a greater separation between oscillator and signal frequencies, 
and it is probable that the unassigned channel No. 1, which extends 
from 44 to 50 megacycles, will be used for the television I-F band. 
This trend is the result of the comparatively large amount of image 
interference which is obtained with 25- to 30-megacycle I.F.'s. 
The third factor which we consider in reference to the local oscil-

lator has to do with the type of circuit to be used. It is immediately 
apparent that the circuit should require a minimum number of tuned 
circuits in order to reduce the number of circuits which must be 
switched as the receiver is tuned from channel to channel; hence the 
tuned-plate tuned-grid circuit is not used. Of the remaining common 
stable circuits, namely, the Ultraudion, Colpitts, or Hartley, the first 
is the most widely used. The reason for this may be seen from the 
following considerations. The three basic circuits are shown in Fig. 

14-14, and in each case the tie points between the tuned circuit and 
the remainder of the circuit are represented by x's. .As the receiver 
is switched from channel to channel, the oscillator tank must be 
changed; hence the number of switch contacts per channel is equal 
to the number of tie points. It may be seen that the Ultraudion 
circuit permits the simplest construction, for it requires only two, 
rather than three, switching points, and so is commonly used in 

receivers which do not employ continuous tuning. 
The Ultraudion is redrawn in Fig. 14-14d in order to demonstrate 

that it is a modified form of the Colpitts circuit. Notice that the 
tank circuit condensers of the circuit at b are replaced by the inter-
electrode capacitances C uk and C„k. The condenser C is usually the 

fine tuning control. 
In the R.C.A. 650 TS R-F unit the artificial line form of tank cir-

cuit is carried over into the oscillator section, which is also operated in 
push-pull. The circuit operates as a push-pull tuned-plate oscillator, 
with feedback provided to the grids through external condensers. 
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71 I 
RFC 

(b) 

RFC 

C k 

pk =". 

(d) 

Fig. 14-14. Common forms of oscillator circuits. (a) Hartley. 
(b) Colpitts. (c) Ultraudion. (d) Ultraudion redrawn as a Colpitts 
oscillator. 

The three sections of the receiver which have been discussed are 
normally built and considered as a single unit, termed the "front end" 
of the receiver. In this front portion of the receiver the two pro-
grams, aural and visual, are handled as a single signal. In the I-F 
system they are separated and thereafter handled independently. 
In our work, the discussion will be confined primarily to the visual 
channel. The aural I-F discriminator and audio sections follow con-
ventional frequency-modulation practice. We next consider the I-F 
portion of the receiver. 

14-7. I-F System 
The first problem to be considered in the intermediate frequency 

system is the separation of the aural and visual programs. In the 
discussion which follows we shall assume the visual and aural carriers 
to be 25.75 and 21.25 megacycles, respectively. Several forms of 
separation circuit may be used. Three representative types are 
shown in Fig. 14-15. In the first two, shown at a and b, separation 
is based on the resonance rise of voltage across an antiresonant circuit. 
Thus, in the circuit at a the plate current of the mixer, which consists 
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MIXER 

(a) 

21.25 MC 

AURAL 

VISUAL 

25.75 MC 

(-s» VISUAL 

.1 AURAL 
(C) 

Fig. 14-15. Typival forms of I-F separation. (a) Series. (b) Cath-
ode. (e) Separation by absorption. 

of the several cross-modulation components, including the aural and 
visual I-F signals that encompass a 6-megacycle bandwidth, flows 
through a load consisting of two antiresonant circuits in series. Since 
the upper circuit is tuned to 21.25 megacycles, the aural components 
of the plate current produce an appreciable signal across the circuit, 
which signal is coupled off to the remainder of the aural system. 
Since Q of the tuned circuit is high, the response is narrow and all 
but the highest visual I-F components are virtually absent. Those 
visual components which are passed by the resonant filter system 
may be removed by traps introduced farther along in the aural chan-
nel. 
The same sort of explanation, with one exception, holds for the 

lower tuned circuit, which is tuned to the visual I-F carrier of 25.75 
megacycles. Since the visual signals cover some 5.25 megacycles, 
the tuned circuit is broadbanded with a shunt resistor, and the aural 
signals are rejected to only a small degree. This condition is reme-
died by using several high-Q rejection traps, tuned to 21.25 mega-
cycles in the remainder of the visual I-F system. 

It is often believed that the presence of the frequency-modulated 
signals in the visual system will have no effect on the reproduced 
picture because the cathode-ray tube is sensitive to amplitude rather 
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than frequency changes on its control grid. The fallacy in this belief 
is that the frequency-modulated signals suffer slope detection at the 
visual second detector and, in their demodulated form, can cause 
considerable interference in the final image; hence, care is taken to 
prevent any of the F-M signals from reaching the video second 
detector. 
The second representative form of separation circuit, shown at b 

in Figure 14-15, is similar to that just described except that the aural 
tuned circuit is placed in the cathode return of the mixer. The third 
circuit, shown at c, is used in the R.C.A. receivers and operates in a 
slightly different manner: the secondary circuit of the transformer T 
serves both as the aural take-off and as an aural trap for the visual 
system. The primary inductance of T is adjusted by means of a 
tuning slug so that it forms a broadband antiresonant circuit with the 
stray capacitance at fo, the mean of the visual band. The secondary 
circuit is tuned to 21.25 megacycles and hence removes the aural 
components by absorption; these are then tapped off from the second-
ary winding of T and delivered to the aural I-F channel. The re-
maining visual components, which appear across the primary of T, 
are coupled to the grid of the first visual I-F amplifier. The system 
just described does not eliminate the need for additional trapping at 
21.25 megacycles in the visual system. One of the principal ad-
vantages afforded by the system is that only stray capacitance is 
needed to tune the primary circuit; we have already seen that the 
gain-bandwidth product of the amplifier is limited by the total shunt 
capacitance across the plate load; thus by holding C to its minimum 
possible value, we maximize the gain-bandwidth product. 
We consider next the amplitude response of the visual I-F amplifier 

and the circuits of those amplifiers. We have previously stated that 
the I-F amplifiers must filter the lower sideband of the received sig-
nal in a particular manner so that the proper input is delivered to 
the second detector. In this connection we must take note of the 
fact that in the mixing process a frequency inversion has taken 
place so that the position of the two sidebands in the R-F signal is 
reversed in the I-F signal; hence the critical portion of the attenuation 
characteristic lies on the upper I-F sideband. Thus the required pass 
characteristic is that shown in Fig. 14-16. The over-all response of 
the I-F system is made to approach this characteristic by the use of 
tuned amplifiers and traps. 
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The majority of commercial television receivers employ one of three 
types of I-F amplifier circuits: double-tuned, band-pass filter, or 

stagger-tuned types. As a 
visuAL 

IF CARRIER practical matter, it is generally 
% most convenient to design the 

interstage coupling networks 
so% so that they provide a sym-

metrical pass characteristic 
251  

26.5 about the mean of the visual 
25.75 band and then to modify the 

symmetrical characteristic by 
means of trap circuits so that 
it conforms to the ideal curve 
of Fig. 14-16. Additional 
trapping is also provided in 

order to suppress possible interference from the two channels on either 
side of that channel to which the receiver is tuned. This will be 
illustrated in the following paragraphs. 
An I-F amplifier that employs double-tuned circuits in the inter-

stage coupling networks is illustrated in Fig. 14-17. Consider the 
network between the first and second I-F amplifiers. The primary 
and secondary windings of T2 are each shunted by the stray and 
interelectrode capacitances to ground and hence form two parallel 
resonant circuits which are coupled by mutual inductance. The two 
windings on T2 are spaced in manufacture so that the two circuits are 

AURAL 
IF CARRIER 

MEGACYCLES 

Fig. 14-16. The I-F response re-
quired for R-A transmission. Fre-
quency inversion has occurred because 
the local oscillator frequency is higher 
than that of the incoming R.F. 

MIXER 1ST VISUAL IF 2ND VISUAL IF 

BIAS 
CONTROL 

Fig. 14-17. I-F amplifier with double-tuned interstage coupling 
network. 
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overcoupled and, in the absence of loading, would yield a double-
humped response curve. This curve may be flattened out by making 
R2, the grid return resistor, sufficiently low to provide the required 
amount of shunt loading. The coupling between the several stages 
of the I-F amplifier is identical to that described. 

In order to determine the required over-all pass characteristic of 
the amplifier without trapping it is well that we fix our attention on a 
particular R-F channel and observe what happens to the frequency 
relationships in the mixing process. Let the receiver be tuned to 
channel No. 8 which extends from 180 to 186 megacycles. The 
envelope of the transmitted signal is illustrated in Fig. 14-18a along 

CHANNEL 7 --1.• CHANNEL 8 

VISUAL 
AURAL AL CARRIER 

et, CHANNEL 9 

AURAL 
CARRIER VISUAL 

179 180 161 182 183 184 185 186 

f IN MEGACYCLES 
187 

CHANNEL 8 CHANNEL 7 

19 20 21 22 23 24 25 26 
IF IN MEGACYCLES 

Fig. 14-18. The R-F and I-F characteristics for channel No. 8. 

with portions of the two adjacent channels, No. 7 and No. 9. When 
these several signals pass through the mixer stage, the previously 
described frequency inversion takes place and the frequencies for the 
three channels in the I-F region are shown at b in the figure. The 
final R-A characteristic which must be obtained is indicated by 
the solid line. Since this curve is flat-topped from approximately 
21.5 to 25.25 megacycles, the I-F coupling networks are designed to 
give a flat response over that same frequency range. 
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It will be recognized that the percentage bandwidth of the I-F 
system is large and that the effective Q of the system is low; hence the 
narrow-band approximations usually applied to broadcast-band tuned 
amplifiers are invalid and the networks must be designed on the exact 
basis that recognizes that their response displays geometric sym-
metry." Thus the center frequency of the coupling networks, or the 
frequency to which they are tuned, will be 

f„, = geometric mean of the pass band 

= N/(21.5)( 25.25) = 23.4 megacycles (14-69) 

With f,„ and the width of the flat top specified, sufficient data are 
available to permit design of the double-tuned circuits. The result-
ing pass characteristic is indicated by the dashed line at h in Fig. 
14-18. 

It will be observed at once that the pass band includes the aural 
carrier of adjacent channel No. 7, the visual carrier of adjacent chan-
nel No. 9, and the associated aural carrier of channel No. 8. These 
are eliminated by traps which may be of the form represented by 
112 and C2 in Fig. 14-17. In the over-all amplifier, then, at least three 
such traps must be provided, which are tuned, respectively, to 19.75 
megacycles (adjacent visual carrier), 21.25 megacycles (associated 
aural carrier), and 27.25 megacycles (adjacent visual carrier). The 
linear portion of the final pass characteristic in the region of the visual 
carrier is obtained by means of the trap L1 and C1 of Fig. 14-17. 
Thus the symmetrical pass characteristic of the basic amplifier is 
literally distorted into the proper shape by means of the trap circuits. 

Although the double-tuned form of coupling circuit, which is illus-
trated in Fig. 14-17, is used quite frequently in modern rece.iver 
design, it has one drawback from the manufacturing standpoint: 
since the coupling between the two coils is by mutual inductance, 
considerable care must be exercised during manufacture to ensure 
the proper spacing between the two coils. This difficulty may be 
overcome by using some other form of coupling. Larsen and Merrill" 
have described an amplifier of this type which employs capacitive 
coupling and is structurally quite simple. 

" See Chapter 15. 
" M. J. Larsen and L. L. Merrill, "Capacitance-Coupled Intermediate-Fre-

quency Amplifiers." ¡'roe. IRE, 35, 1 (January 1947). This paper includes 
a derivation of the design equations for a capacitance-coupled trap circuit. 
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In the two other common forms of I-F amplifiers which employ 
band pass filter coupling or stagger tuning, the design philosophy is 
similar to that just described. The basic nass characteristic is de-
signed to be symmetrical, and trapping is used to distort it into the 
appropriate shape. Since the use of stagger tuning is comparatively 
new, it is covered at some length in the next chapter. In essence the 
method employs two or more stages, each of which has a properly 
loaded single-tuned circuit. The wide flat-topped pass characteristic, 
which is not characteristic of single-tuned circuits, is obtained by 
tuning the successive stages to different frequencies." The advan-
tages of the stagger-tuned amplifier are noteworthy. The interstage 
coupling networks are simplified because one, rather than two, tuned 
circuits is used. The coupling circuit coils are cheaper because 
fewer windings are required. High gains may be obtained with good 
stability; since successive stages are tuned to different frequencies, 
the likelihood of oscillation is minimized. The amplifier is easy to 
adjust; only a single tuning adjustment is required for each stage. 
Any of a number of trap circuits may be used to provide attenu-

ation at the several carrier frequencies that must be rejected. It is 
convenient to name the traps by either their location in the circuit or 
by their mode of operation. Thus in Fig. 14-19a the trap is in series 
with the connection between plate and grid of the adjacent amplifier 
stages and so is termed a series trap. Its manner of operation is quite 
simple and analogous to that in the series compensated video ampli-
fier. At the reject frequency the trap presents a high impedance and 
the grid voltage developed across R is negligible. At virtually all 
other frequencies the trap impedance is small and, essentially, the full 
a-c plate voltage is delivered to the grid. In other words, the trap 
and grid return resistor behave like a frequency-sensitive voltage-
dividing network. 

In Fig. 14-19b the trap circuit shunts the interstage coupling net-
work and so is called a shunt trap. At the reject frequency the trap 
is in resonance and shorts the grid to ground. A second form of 
shunt trap is shown at c. At first glance the trap appears as a parallel 
resonant circuit, which would not provide a low shunt path to ground. 

" An alternate form of I-F amplifier that employs single-tuned circuits has 
been designed; it utilizes feedback in place of stagger tuning. See E. H. B. 
Bartelink, J. Kahnke, and R. L. Watters, "A Flat-Response Single-Tuned I-F 
Amplifier." Proc. IRE, 36, 4 (April 1948). 
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(a) 

(C) 

(e) 

(d) 

(b) 

Fig. 14-19. Common forms of trap circuits. (a) Series. (h) Shunt. 
(e) Shunt. (d) Degenerative. (e) Degenerative-absorption. 
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Actually, however, the condenser Cc, which couples the trap to the 
grid lead, enters into the operation of the circuit, which may most 
conveniently be analyzed by means of reactance diagrams as shown 
in Fig. 14-20.26 These curves show that the combination is series-
resonant at some frequency f2 and antiresonant at b. By proper 
choice of the components fi and f2 may be made quite close and form 
an excellent combination for providing a sharp attenuation of the 
associated aural carrier with minimum effect on the visual pass band 
(cf. Fig. 14-18b). The values of the three circuit components may 
be calculated on the following basis: For the previously specified 

26 Direct application of Foster's reactance theorem yields the same results. 
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values of I-F frequencies, there 
should be zero attenuation at 21.5 
megacycles; thus we set 

fi = 21.5 megacycles (14-70) 

and, since the associated aural car-
rier is to be rejected, 

/2 = 21.25 megacycles ( 14-71) 

Then at fi, L and C must be anti-
resonant or 

, 1 
coiu 

X 0 

Xi.Xc 

XL+ Xc hevi _ Xcc ALÇ—Cxo.xc 

Fig. 14-20. Reactanee curves for 
the trap circuit of Fig. 14-19(c). 

1 
= — 
LC 

At /2 the entire combination must be in series resonance, 

1 w2L 

co2Cc c022LC - 1 

and, substituting for LC from (14-72), 

1 co2L  

w2Cc éu2y - 1 
c7.)1 

whence 
) 

1 - (w2 2 
L - col  

.22c c 

(14-72) 

thus 

(14-73) 

(14-74) 

C, is usually taken to be roughly 5 peif and L and C may be evaluated 
from eqs. (14-74) and (14-72), respectively. The advantage of the 
circuit over the simple resonant circuit type of Fig. 14-19b is that 
the rise in the impedance at fi provides a much steeper characteristic 
in the vicinity of rejection, and a smaller portion of the visual band is 
rejected along with the aural signals. 

In the circuit of Fig. 14-19d the trap takes the form of an an-
tiresonant circuit placed in the cathode return of the I-F amplifier 
stage. At the antiresonant frequency the trap presents a high im-
pedance to the flow of plate current. Thus a large degenerative 
voltage is developed between the cathode and ground, which lowers 
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the amplifier gain at that frequency, thereby providing the required 
action. A variation of the degenerative trap circuit is shown at e 
in the diagram, where the actual trap is coupled by mutual inductance 
to LI, in the cathode return. Direct application of coupled-circuit 
theory to the network shows that the impedance of the network as 
viewed from the terminals of L1 is 

(.1WM)2 • (WM)2 Z = jw1.1 - Z22 - 3COLI z22 (14-75) 

where Z22 is the loop impedance of the L2C2 circuit; hence Z will be 
maximum at the series resonant frequency of the trap circuit when 
Z22 will he a minimum. Thus degeneration occurs at the trap fre-
quency, just as it did for the circuit of Fig. 14-19d. 
The absorption type of trap, where a resonant circuit is coupled 

into the conductive circuit by means of mutual inductance, need not 
he restricted to use in the cathode return of the amplifier. In fact, 
the absorption-type trap has been mentioned in connection with 
Fig. 14-17, where the coupling is to the secondary side of the inter-
stage transformer. Several variations of this circuit may be seen in 
the diagrams of the complete receivers (Fig. 14-21 to 14-24). It is 
stressed once again that other forms of trap circuits, such as the 
bridged T network, may be used; we have mentioned only a few 
representative forms to indicate some of the methods in common use. 
The last feature to be mentioned in regard to the I-F amplifier 

system is the method of gain control used. If the amplifier tubes are 
of the remote cutoff type, their gain may be controlled by means of 
their bias voltage. Thus in some commercial receivers the grid 
return of one or more of the I-F stages is connected to a d-c source 
under control by a potentiometer. The effect of such a control on 
the reproduced picture is to increase the spread of the reproduced 
picture along the gray scale and so is known as the contrast control. 
A similar effect may be obtained by varying the bias on the input 
stage of the receiver. 

14-8. The Video System 

The remaining portion of the visual channel of the television re-
ceiver comprises the second detector, video amplifier stages, clamping 
or d-c restorer circuit, and the picture tube proper. The detector is a 
diode type of linear detector designed with a compensated load im-
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pedance in order to ensure a full response over the entire video band. 
The video amplifiers and restorer circuit" have been discussed in 

previous chapters and though many variations are employed in com-
mercial models, they will not be discussed here. Several typical 
video systems are shown in the accompanying diagrams. In each 
case the several components may be identified quite readily. The 
operation of the manual brightness control, which sets the background 
level in the reproduced image, has been described in Chapter 7. 

14-9. The Deflection Circuits 

Whereas the basic forms of deflection circuits have been studied in 
our previous work, we shall consider some of the details which are 
found in typical commercial receivers. Frequent reference will be 
made to the four diagrams of Figs. 14-21 to 14-24. All four of the 
receivers employ magnetic deflection and a flyback power supply 
except the 7-in, model of Fig. 14-21, which utilizes an electrostatic 
deflection picture tube Type 7EP4. In this set the composite video 
signal, consisting of picture and supersync components, is amplified 
as a unit in a single stage that employs a 6AG7. Since the tube has 
no fixed bias, clamping occurs on its grid; the d-c component is 
retained by direct-coupling the plate to the picture tube grid. The 
polarity of the output voltage is sync-negative; hence the supersync 
signals drive the picture tube beyond cutoff and so do not affect the 
final picture. 
A portion of the output voltage is tapped off the video amplifier 

plate load and fed to the sync amplifier stage, which amplifies and 
inverts the composite video signal. The sync-positive signal is 
clamped by the right-hand half of the video detector diode and 
delivered to the sync separator from which two outputs are derived. 
The plate feeds a two-section integrating network, whose output, in 
turn, synchronizes the vertical oscillator. The second output, which 
is developed across the cathode return, is fed through a 150 pi.if 
differentiating condenser to the cathode of the horizontal oscillator. 

In both horizontal and vertical deflection systems the impulse 
oscillator is a modified form of multivibrator in which the coupling 
from the right- to the left-hand section of the tube is accomplished 
through a common cathode resistor. Use of this cathode-coupled 

27 D. E. Foster and J. A. Rankin, "Video Output Systems," RCA Retriew, V, 
4 (April 1941). 
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Fig. 14-22. A 12-inch magnetic-deflection receiver. The front end is not shown. 
(Courtesy of Transvision, Inc.) 
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multi vibrator circuit eliminates the need for an additional discharge 
tube; the charging condenser, which develops the saw-tooth sweep 
voltage, is connected directly from the right-hand plate of the tube 
to ground (0.1 pf and 500 ppf, respectively, for the vertical and 
horizontal sweeps). Push-pull deflection is provided by plate-coupled 
paraphase amplifiers in both sections. It may be observed that d-c 
centering or positioning voltages are fed to one horizontal and one 
vertical deflection plate in the 7EP4. 
The use of a flyback power supply is not feasible because electro-

static deflection is used. The high voltage is supplied from a 60-
cycle high-voltage transformer and a 2X2 rectifier. A separate 2.5-
volt insulated winding is provided for the 2X2 filament, which is at 
high voltage with respect to ground. The negative lead of the high 
voltage system is connected to B+ of the low-voltage power supply. 
The 12-inch magnetic deflection set shown in Fig. 14-22 has a 

slightly different deflection system from that just described. Notice 
first that the output of the 6AG7 video amplifier is capacitance-
coupled to the picture tube grid and so a d-c insert is required at that 
grid. The necessary action is furnished by the right-hand section 
of the video detector 6AL5, which is labeled X-10 in the diagram. 
One advantage gained here is that the sync components of the com-
posite video signal are separated in the same tube because it serves as a 
rectifier with only the sync components appearing across the 22-
kilohm resistor from pin 7 of X-10 to ground. X-8 and X-9 serve 
to amplify the sync stnals and to square them up by clipping. The 
fourth section operates as a cathode follower so that the proper 
polarity is maintained in the outputs feeding the two sweep channels. 
The remainder of the sweep channel comprises units which have 
already been described at some length. The differentiated or inte-
grated sync wave is used to synchronize a blocking oscillator, 'which, 
in turn, controls the discharge tube of the sweep-generating circuit. 
Notice that in both horizontal and vertical channels the sweep voltage 
is generated across a resistor and condenser in series in order that the 
developed voltage be trapezoidal. The high voltage for the picture 
tube is obtained from a flyback supply on the horizontal-sweep output 
tube. Notice also that the 6BG6-G plate returns to B+ through 
the damper and yoke system, thereby indicating that reaction scan-
ning is used.2s 

28 See Chapter 4. 
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In the Du Mont receiver shown in Fig. 14-23 separation of the sync 
from the picture components is handled in a manner similar to that 
described in the preceding paragraph: The diode, V204B, serves as 
the d-e restorer for the Teletron'n and as a diode sync separator. Two 
stages of sync clipping are afforded by tubes V212-A and V213. 
Notice that the signal is inverted in the first clipper stage; hence both 
the top and bottom of the sync pulses are clipped. The reason for 
this double clipping is seen from the following considerations. The 
magnitude of the complete composite video signal is under adjustment 

of the contrast control, R232, which feeds bias voltage to the control 
grids of the first two video I-F amplifiers. This control is normally 
adjusted to give proper contrast in the reproduced image. As the 
I-F gain is varied, the sync signal amplitude varies. The double 
clipping keeps the magnitude of the sync output from V213 constant 
over a large range of those variations and so provides more stable 
control of the deflection circuits, particularly in the horizontal system 
which will be described. 
The vertical-sweep system is quite conventional. The clipped sync 

pulses are fed through a buffer or isolating amplifier to a two-stage 
integrating network, whose output is inductively' coupled to the verti-
cal blocking oscillator. V216B serves as both blocking oscillator and 

discharge tube for the sweep-generating circuit, C257 and 11279. The 
bias on the vertical deflection amplifier is controlled by R281. This 
resistor controls the operating point and hence the curvature of 
the tube's transfer characteristic, which is used to compensate for 
curvature due to the output circuit. Thus R281 adjusts the linearity 
of the vertical sweep and is labeled the vertical-linearity control. 
The horizontal-sweep channel represents a departure from the othee 

circuits which have been described. Bursts of R-F noise, either 
man-made or natural, which are picked up by the receiving antenna, 
add to the composite video signal and are amplified along with it. 
If these noise pulses are of sufficient amplitude to lie in the blacker-
than-black region, they pass on to the synchronizing circuits. Since 
they are spaced in a random manner, they appear as false sync signals 
and on differentiation may upset the horizontal sweep. Pulses of 
this type have little effect upon the vertical system because they are 

usually quite narrow and contribute a negligible amount to the output 
of the integrating system. To overcome the susceptibility of the 

29 Teletron is the trade mark of the Du Mont picture tubes. 
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horizontal-sweep system to these false sync pulses, a number of 
methods of stiffening the horizontal-sweep oscillator have been de-
vised. The circuit shown in Fig. 14-23 is representative of one 
method which is used. A sine-wave horizontal oscillator, V215, is 
under control of the reactance tube V220. V214 serves in a dis-
criminator circuit, which compares the oscillator and sync frequencies. 
Any difference between the two shows up as a d-c error voltage across 
the plate load resistors, R263 and R264; this voltage is fed to the grid 
of the reactance tube. Coarse control of the oscillator frequency is 
provided by the tuning slug in the secondary of Z204, which is also 
the oscillator tank inductance. Fine control is provided by the 
feedback loop, consisting of the discriminator and the reactance tube. 
The detailed operation of the control circuit may be made clearer 
with the aid of Fig. 14-24, which shows a similar unit that vías used 

DISCRIMINATOR 

(a) 

(b) c) 

REACTANCE 
TUBE 

HARTLEY 
OSCILLATOR 

(d) 
Fig. 14-24. Detail of an automatic frequency control for the 

horizontal sweep system. The circuit is similar to that used in 
Fig. 14-23. (Courtesy of RCA Review.) 
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in the R.C.A. 630TS chassis. The circuit shown differs principally 
from that in the Du Mont receiver in that the discriminator tube is 
reversed with respect to the sine-wave and sync-signal inputs. It 
may be seen from Fig. 14-24 that a sine wave is coupled inductively 
to the plates of the discriminator from the tank circuit of the Hartley 
oscillator; hence the sine wave appears in phase opposition on the 
discriminator plates. On the other hand, the sync voltage is fed 
conductively to the center tap on the transformer primary and so 
appears in the same phase on the discriminator plates. With the 
local oscillator running at proper frequency and phase relative to 
the sync pulses, the voltages on the two discriminator plates will be 
those illustrated at b in the figure. The in-phase sync pulses gate 
on the two diodes, which conduct equal currents. These currents 
produce zero voltage across the cathode load resistor and no error 
voltage is delivered to the reactance tube. 

1f the oscillator drifts so that it lags the sync pulses, the dis-
criminator plate voltages will have the form shown at c. It is clear 
that the upper diode has a greater applied voltage during the con-
duction interval than the lower diode; hence the upper plate current 
will exceed the lower and the net voltage developed across the load 
will cause pin 1 to be positive with respect to pin 5. This positive 
error voltage causes the reactance tube to compensate for the oscil-
lator drift. The wave forms at d show the conditions which exist 
when the oscillator voltage leads the sync pulses. It should be 
noticed that a phasing control is provided on Z204 in Fig. 14-23. 
The purpose of this control is to allow proper adjustment of the phase 
of the sine wave fed to the discriminator so that when the oscillator 
is operating at the correct frequency, the horizontal retrace will occur 
during the horizontal blanking interval. If the control is out of 
adjustment, the entire picture is shifted to the left of the CRT tube 
and a black vertical blanking bar is visible. 

Since, as we have seen, the comparison network is sensitive to phase 
differences in the two compared waves and delivers a d-c voltage 
proportional to the conduction time of the discriminator, a high 
degree of noise immunization is provided. Any random noise pulses 
arriving with the sync may cause the diodes to conduct but they have 
no instantaneous effect on the sweep, and their effect is averaged out 
in the d-c voltage delivered to the reactance tube.e) 

3° A. Wright, "Television Receivers." RCA Review, VIII, 1 (March 1947). 
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One of the chief disadvantages of the horizontal-sweep control 
circuit just described is that the control operates on a sine-wave 
oscillator rather than on the horizontal-sweep oscillator itself. To 
overcome this difficulty means must be provided so that the sine-
wave oscillator controls the frequency of the trapezoidal generator. 
This is accomplished quite simply in the Du Mont receiver of Fig. 
14-23, even though a number of additional circuit components are 
required. The grid signal on the sine-wave oscillator is large enough 
to drive the plate to saturation so that the output wave is flat-topped, 
as shown in the diagram. This wave, after being differentiated, 
produces a positive-going pulse of sufficient amplitude to trigger off 
the trapezoidal generator, V212B. The remainder of the horizontal-
scanning system is similar to those which have been described 
previously; reaction scanning and a flyback power supply are 
utilized. 

Figure 14-25 shows the diagram of an R.C.A. 9T240, 10-in, mag-
netic deflection receiver. One of the principal features in which the 
set differs from those already described is the frequency-control circuit 
on the horizontal-sweep system. Instead of using the discriminator-
sine-wave-oscillator combination just described, the set employs a 
single control tube and blocking oscillator, V111, whose output feeds 
the horizontal output tube directly with a considerable saving in the 
number of components required. The right-hand half of V111 serves 
as a sine-wave-stabilized blocking oscillator, which, when cut off, 
allows the required saw-tooth voltage to build up on C161. 
The frequency of the blocking oscillator is controlled by the d-c 

voltage developed between pin 3 of the control tube and ground; this 
voltage provides the bias for the blocking oscillator. The magnitude 
of the d-c voltage depends upon the relative phase of three voltages 
delivered to the grid of the control tube: ( 1) the sync voltage, which 
is delivered through C140, (2) the saw-tooth sweep voltage, delivered 
from C161 through R180, and (3) the integrated flyback voltage 
delivered through C166. The relative phase of the three components 
determines the length of time the control tube conducts and hence 
the d-c voltage on C155. Once again the control of frequency is 
determined by a d-c voltage and the effect of random noise pulses 
on the sweep circuit is averaged out." 

31 An excellent development of the R.C.A. single-tube control circuit is given 
by J. A. Cornell, "A Single Tube A.F.C. Circuit for TV Deflection Systems." 
Radio and Telerision News, 43, 1 (January 1950). 
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A number of other systems of automatic control of the horizontal-
sweep frequency have been developed and it may be expected that 
even simpler systems will be devised to reduce the number of required 
components without sacrifice in performance.32 It must be realized, 
however, that the discriminator or other phase comparator is not 
essential in providing protection from noise in the horizontal-sweep 
system. Schlesinger has described a system that employs a high-Q 
oscillator circuit, which provides excellent noise immunity.n 

14-10. Automatic Gain Control 

Automatic gain control (AGC) is the television receiver's counter-
part of automatic volume control (AVC) found in the usual broad-
cast radio receiver. The operation and function of the latter are well 
known. A d-c voltage which is proportional to the average carrier 
amplitude of the incoming R-F signal is derived from a detector and 
is used to automatically control the gain of amplifiers employing tubes 
of the remote cutoff type. A decrease in average carrier amplitude, 
resulting from, say, fading, reduces the magnitude of the control 
voltage and so raises the amplifier gain to compensate for the loss 
in the R-F signal. Thus the circuit compensates for changes in 
signal level and provides an output voltage of constant amplitude. 

Basically the AV(' circuit may be carried over into television work 
with one important exception. The concept of "average carrier 
amplitude" of an R-F wave modulated by the composite video signal 
is really without meaning because, as we have seen, the average 
carrier amplitude depends upon the background level of the picture 
component of the modulating signal and so depends upon the modu-
lating signal. In short, the average carrier level is not a reference 
which may be used to measure the strength of the R-F signal. The 
obvious solution to this difficulty is to choose the peak, rather than 
the average, value of the modulated wave as the reference. This is 
accomplished by using a peak detector as the source of the AGC 
control voltage, which will then be proportional to the peak sync level 
in the R-F wave. 

32 A number of basic systems based on the comparison of phase of two or more 
voltages have been described by E. L. Clark, "Automatic Frequency Phase Con-
trol of Television Sweep Circuits." Proc. IRE, 37, 5 (May 1949). 
" K. Schlesinger, "The Locked Oscillator in Television Reception." N. Y. 

Section, IRE, Television Symposium, January 22, 1949; also Electronics, 22, 1 
(January 1949). 



Fig. 14-26. Basie A.G.C. circuit. The A.G.C. voltage is developed 
by a peak detector. 
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The basic circuit of a simple AGO circuit is shown in Fig. 14-26. 
Separate diodes are provided for AGO and video detection, both 
being fed by the final I-F amplifier stage. The AGO detector de-
velops a d-c voltage proportional to the peak carrier amplitude and 
that voltage, in turn, is used to control the bias on the several I-F 
amplifiers and the input stage of the receiver. 

LAST I F AGC VIDEO 
AMPLIFIER I DETECTOR DETECTOR 

COMPOSITE 
VIDEO 

The basic circuit which has just been described is quite susceptible 
to noise and so is seldom used in modern receivers. We have already 
observed that high-amplitude R-F noise impulses extend into the 
blacker-than-black regions of the detected signal and hence are in a 
position to upset the AGO system. Notice that the detector load 
condenser C can charge faster than it can discharge because during 
charge it is in series with the low detector impedance, while it must 
discharge through R, which is high in comparison. Thus the effect 
of any AGO voltage produced by a noise pulse is extended over a 
relatively long time interval. The situation may be improved, but 
not corrected, by feeding the modulated signal through a limiter 
before it reaches the AGO detector. The limiter then will clip the 
noise peaks to the level of the sync signals. 

One's immediate reaction is to improve the noise immunity of the 
circuit by lowering the time constant RC of the AGO detector load. 
This is not feasible, however, because the sync pulses themselves 
occupy only a small percentage of a line interval and t he R-C circuit 
must integrate the control voltage over that interval. What is 
needed is an AGO circuit which is immune to noise and still fast-
acting to the point that the required control of gain is maintained. 
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In regard to the last point a large problem is presented by low-flying 
aircraft in the vicinity of the receiving antenna. Under certain cir-
cumstances the antenna may receive two signals, one direct from the 
transmitter and the second reflected from the airplane. As the latter 
moves in flight, the two signals go through a rapid cycle of reinforcing 
and canceling, which causes an extremely objectionable flicker or 
fluctuation of brightness in the reproduced image. To remove this 
effect an AGC network must be able to respond to signal variations 
at a very high rate. 
Wendt and Schroeder34 have described a number of fast-acting 

circuits which provide a high degree of noise immunity. One of the 
newer fast-acting circuits described in the reference is illustrated in 
simplified form in Fig. 14-27. The sync-negative video signal, which 
feeds the Kinescope grid, also drives VI, whose grid circuit acts as.a 

VIDEO DET 
VIDEO PICTURE AGC 
AMP TUBE GRID g VOLTAGE 

II 
-3V 

+150V ) 
TO HORIZONTAL-"-

OUTPUT TRANSFORMER 

VI 

+ 300V -100V 

Fig. 14-27. A fast-acting A.G.C. circuit that also clamps the 
video signal. Peaking coils are not shown. (Courtesy of RCA 
Rericw.) 

d-c restorer. V1 will normally be nonconducting. Gating of the 
tube is accomplished through the transformer T1, which feeds a nega-
tive pulse from the horizontal output transformer to the cathode 
return of VI. The pulse amplitude is of sufficient magnitude to cause 
VI to conduct. During the conduction interval the output of V1 will 
depend upon the magnitude of the composite video signal. When 
the video signal is small, the pulse through T1 produces a large plate 
current; when the video signal is large, the grid voltage on V1 bucks 

34 K. R. Wendt and A. C. Schroeder, "Automatic Gain Controls for Television 
Receivers." RCA Review, IX, 3 (September 1949). 
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the pulse and a smaller plate current flows. V2 rectifies the amplified 
pulses and the grid voltage has magnitude and polarity determined 
by the video signal amplitude. V3 is a d-c amplifier which inverts the 
signal and delivers the corresponding AGC voltage to the controlled 
amplifiers. 
The circuit provides immunity to noise impulses in two ways. 

First, the AGC detector, V2, is driven only during the gated intervals 
which occur at the end of each sweep. Thus intersync noise pulses 
are completely eliminated from the gain-control system. Any noise 
riding on top of a sync pulse reduces the output of VI. Second, this 
reduced output caused by the coincident noise pulse will not be great 
enough to cause conduction in V2, and no change in the AGC voltage 
will be produced. 

Notice that the AGC output from V3 is completely isolated from 
B+ by returning the plate, through the load resistor, to ground. 
The d-c plate voltage for the tube is obtained by returning its cathode 
to 100 volts below ground. 

14-11. Summary 

The discussion up to this point in the chapter has covered some 
general considerations of television receivers and certain of the special 
features which are incorporated in typical commercial models of the 
conventional two-channel I-F type. Details of the sweep generators, 
sync separators, and video amplifiers that have been covered in pre-
vious chapters have not been repeated. We next consider the second 
general type of receiver, the intercarrier form, which uses a single 
I-F channel for both the visual and aural signals. 

THE INTERCARRIER RECEIVER 35.36 

An inherent difficulty present in the conventional television receiver 
is that it actually consists of two separate receivers, visual and aural, 
with only a single tuning control on the local oscillator associated with 
the common mixer circuit. If, for any reason, either of the two 
independent I-F systems drifts out of alignment, it is impossible to 
tune the receiver for both optimum picture and optimum sound. 

36 R. 13. Dome, "Carrier-difference Reception of Television Sound." Elec-
tronics, 20, 1 (January 1947). 
" S. W. Seeley, "Television Intercarrier Sound Design Factors." Electronics, 

21, 7 (July 194). 
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Since the sound system is narrow-band and more susceptible to mis-
tuning than the wide-band video channel, the oscillator is adjusted 
to give the best sound reproduction—a strange procedure, indeed, in 
a system whose prime function is the reproduction of a picture. In 
the summer of 1946 R. B. Dome of the General Electric Company 
proposed a receiver system to the R.M.A. Subcommittee on V.H.F. 
Television Systems, which utilizes a common I-F channel for both 
audio and video signals. This system, which eliminates misalign-
ment problems and results in a much simplified receiver, has been 
termed the Dome, intercarrier, or carrier-difference system of tele-
vision reception. In contrast to other proposals for eliminating 
misalignment problems which employed some form of multiplexing 
or time-sharing between the sight and sound on a common carrier, 
the Dome proposal can operate under existing transmission standards, 
although certain slight modifications would be desirable to guarantee 
optimum performance. These modifications which would not affect 
existing receivers of the conventional type are discussed later in the 
chapter. 

14-12. Principle of Operation 

In order to understand the principle of operation of the intercarrier 
television receiver, let us examine some of the significant terms in the 
output of a nonlinear mixer. In general, three groups of input signals 
are applied to the mixer. These may be represented in the following 
manner: First, the amplitude-modulated visual carrier consists of a 
carrier plus several sideband frequencies. In order to reduce the 
number of terms in the equations we shall consider only one pair of 
sideband components corresponding to a modulating frequency col. 
Thus, for the visual signal we write 

= E1 cos (.0,1 E2 cos (C4 + E3 cos. (w„ — col)t ( 14-76) 

Second, the frequency-modulated aural wave of carrier frequency 
w,, may be represented by the carrier and a single pair of sidebands 

e„ = E4 cos wot E6 cos (coa (.02.)/ E6 cos (cog — co2)t (14-77) 

Third, the oscillator signal is 

eo = E 0 cos coot (14-78) 

We have previously seen that these signals effectively combine in 
series at the mixer input; hence for the signal voltage on the mixer 
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grid we may write 

= c,. e. e. (14-79) 

With the mixer operating in a nonlinear fashion, the plate current 
will be 

= ae0 be,,2 ce.3 ± • • • (14-80) 

where a, b, and c are constant terms which depend upon the mixer 
transfer characteristic. The several signal components that appear 
at the mixer output may be determined by substituting (14-79) 
into (14-80) and by expanding each term by means of trigonometric 
identities. Previous experience with expansions of this type shows 
that, among others, a number of heterodyne terms will be present 
whose frequencies are the sum or difference of the several component 
frequencies. For example, the oscillator beating against the visual 
signal components produces the terms 

EIE. cos (coo — co,,)t 
1 

E2E0 cos [(we, — — codt (14-81) 

and E3E. cos [(coo — oh.) +  

It should be clear that 

coo — cur = co; 

= visual carrier frequency 

Hence, these terms may be rewritten as 

EIE,, cos wit 

E2E0 cos (wi — coàt 

E3E. cos (co, -I- wi)t 1 
(14-82) 

(14-83) 

In a similar manner the visual carrier heats with the aural components 
and yields 

Ei cos (w„ — cor)t 

E5E1 cos [(wa — cot>) — (02]t (14-84) 

E5E1 cos [(wa — cov) (.02]1 

Cross-modulation between (14-83a) and (14-84) gives still another 
frequency group 
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Ei2E4E. cos [wi — (wc, — wi,)1] 

Ei2E5E. cos [wi — (w« — w.) oh]t 

Ei2E6E. cos [wi — (wa — w„) — w2]t 

The several components of (14-83) and (14-85) are in the general 
vicinity of wi and so are passed by the visual I-F system. If, now, 
the amplitudes of (14-85) are attenuated such that they are of the same 
strength as the visual I-F sidebands, they will appear to the second 
detector as additional sidebands associated with the visual carrier. 
This concept is the basis for intercarrier reception. In the detecting 
process the sidebands are effectively "stripped off" the carrier and 
the signals present in the demodulated output will be 

fl fa — fi, — f2 fa — ft, fa — f. + f2 (14-86) 

Let us examine these frequencies with care. The first is simply the 
video signal proper. The third, fa — is the difference between 
the two transmitter carrier frequencies, which by current standards 
must he 4.5 megacycles. Let us call this carrier-difference frequency 
the aural I.F. Then the secend and fourth terms of (14-86) are the 
lower and upper sidebands, respectively, of the modulated aural I-F 
signal, which signal occupies a band of frequencies lying just above 
the upper limit of the video band. This aural I.F., centered on 4.5 
megacycles, may then be removed from the video channel by a trap 
circuit, detected, and amplified in the usual manner. 

This entire process may be summarized in the following manner: 
in the mixing process the aural .signal is reproduced in a group of 
sidebands centered on [fi — (f. — f„)J, which is the visual I-F carrier 
minus the difference between the aural and visual R-F carriers. If 
these signals are attenuated sufficiently, the visual I-F carrier will 
view them as more of its own sidebands. In the detection process the 
visual I-F carrier is demodulated; the output is the video signals plus 
a frequency-modulated aural carrier of 4.5 megacycles, which may be 
separated from the video by a trap circuit. 

(14-85) 

14-13. The Intercarrier Circuit 

The block diagram of an intercarrier or carrier-difference receiver is 
shown in Fig. 14-28. One advantage of the carrier-difference system 
is immediately apparent: the number of stages in the receiver is 
reduced because no separate sound I-F channel, as such, is required. 
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OSC 

Fig. 14-28. Block diagram of the intercarrier receiver. Sweep 
circuits are not shown. Both visual and aural signals are amplified 
in a common I-F system. Separation of the two signals occurs after 
detection. 

Notice, too, that the two programs are kept together through the 
video amplifier so that the latter contributes to the gain of the over-all 
aural system. 
The stability afforded by the intercarrier system is even more 

important. The aural I-F frequency of 4.5 megacycles is almost 
completely independent of local oscillator drift, being determined 
solely by the R-F carriers at the transmitter which are subject to 
constant control. In tuning the receiver, one adjusts for optimum 
picture, and the sound reproduction is unaffected. We have shown 
in an earlier section that the video system is broad and fairly immune 
to small amounts of local oscillator drift. In the conventional re-
ceiver the stability requirements are set by the aural system. In the 
intercarrier receiver the aural I.F. is independent of local oscillator 
drift and a fair amount of drift may be tolerated. This fact is 
illustrated in commercial intercarrier receivers, which invariably have 
no provision for fine tuning of the local oscillator. 
The price that must be paid for the advantages just listed is that 

further restrictions are required on the pass characteristics of the I-F 
amplifiers, which must provide the required attenuation of the aural 
components in the I.F. Let us consider these restrictions. The 
attenuation of the aural components may be accomplished by pro-
viding a low-amplitude pass characteristic in the range of I-F fre-
quencies occupied by these aural components, which are centered on 
the frequency [fi — (fa — fv)]. In writing the frequencg in the form 
that was used in ( 14-85), we obscure the fact that this is precisely the 
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aural I-F frequency of the conventional receiver, a fact which may be 
verified by substituting for f, from eq. (14-82). Thus, 

fi — (fa — fv) = — fa) — (fa — fv) 
= f — fa (14-8'7) 

= conventional aural I.F. 

Therefore the pass characteristic must have a "shelf" centered on 
21.25 megacycles and extending roughly 25 kilocycles or more in each 
direction. In his report to the R.M.A. Dome recommended that the 
shelf height should correspond to the minimum level expected in 
the video carrier. For example, if maximum white modulation at the 
transmitter reduces the visual carrier to 15 per cent of its peak ampli-
tude, the R-A characteristics will halve this in the receiver to 7.5 per 
cent. Then, if the aural carrier amplitude is equal to black level in 
the visual carrier, the shelf height must be 

7.5 
-= 10% (14-88) 

In practical design a value ranging from 5 to 10 per cent is used. The 
ideal I-F pass characteristic for the intercarrier receiver is illustrated 
in Fig. 14-29a. The required attenuation in the vicinity of 21.25 
megacycles is normally obtained by means of a trap circuit. Con-
siderable care should be exercised to ensure that the shelf is reasonably 
level in order that slope detection of the frequency-modulated aural 
signal not take place. 

21 22 23 24 25 
MEGACYCLES 

(a) 

26 27 

VISUAL 

AURAL 

121.25, 
22.45 i 

2! 22 23 24 25 
MEGACY CLES 

(b) 

VISUAL 

AURAL 

126.95 125.75 
I I 

26 

Fig. 14-29. I-F pass characteristics for the intercarrier receiver. 
(a) Ideal I-F characteristic. Notice the shelf at 21.25 megacycles, 
which is used to attenuate the aural signals. (b) Characteristic. for a 
simplified receiver. Symmetry in the characteristic reduces design 
problems in the local oscillator, but a full 4.5-megacycle video band-
width cannot be realized. 

27 
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Even further simplification of the intercarrier receiver may be had 
by utilizing a symmetrical I-F pass characteristic, but at the expense 
of performance. To illustrate, consider the symmetrical character-
istic shown at b in Fig. 14-29. A response of this type may be ob-
tained directly by means of the I-F interstage coupling networks; no 
special trapping circuits are required. This response curve further 
simplifies the oscillator design because two different sets of inter-
mediate frequencies may be used. For example, for channels No. 2 
through No. 6 the local oscillator operates at a frequency higher than 

the incoming R.F. and the I.F.'s are: 

aural I.F. = 21.25 megacycles 
channels 2-6 

visual I.F. = 25.75 megacycles 

For the higher channels, the oscillator operates below the incoming 

R.F. and the corresponding intermediate frequencies are 

aural I.F. = 26.95 megacycles 
channels 7-13 

visual I.F. = 22.45 megacycles 

By this device the operating range of the local oscillator is reduced 
by a considerable factor with a corresponding increase in its frequency 

stability. 
The chief disadvantage of the simplified form of the receiver is that 

it does not provide a 4-megacycle bandwidth for the visual I-F signal. 
This may be seen directly from Fig. 14-295. Ideally, the response 
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at the two aural carriers, 21.25 and 26.95 megacycles, should be 
26 decibels below the flat top, and the sides should be reasonably 
linear to meet the R-A requirements. These two requirements are 
not compatible and the aural carrier level is generally raised to 
between — 17 and — 20 decibels. With this amount of attenuation, 
any audio signals which appear at the CRT grid by virtue of slope 
detection are so small that they have negligible effect in the repro-
duced image. 

Figure 14-30 shows the diagram of a commercial receiver of the 
intercarrier type. It may be seen that the aural signals centered on 
4.5 megacycles are removed at the plate of the first video amplifier. 
The shunt combination of resistance and capacitance on the grid of 
the aural I-F amplifier in conjunction with the unbiased grid circuit 
provides a clipping or limiting action, which serves to remove any 
spurious amplitude variations in the frequency-modulated aural sig-
nal. The remaining portions of the receiver are similar to those 
previously described, except for the high-voltage power supply. Since 
electrostatic deflection is used, the use of a flyback power supply is 
ruled out. To circumvent the need for a 60-cycle high-voltage 
supply, an R-F oscillator is used. With proper design the oscillator 
output may be made sufficiently large so that on rectification by the 
1B3/8016 it furnishes the required high-voltage low-current supply 
for the cathode-ray tube.37 

14-14. Recommended Changes in Transmission Standards 

In order to ensure correct operation of the intercarrier type of 
television receiver Dome has proposed that four principal modifi-
cations be made in the existing television transmission standards. 
A discussion of these proposals follows. 

In the process of amplitude modulation, inadvertent frequency or 
phase modulation of the carrier may occur to some extent unless 
particular care is exercised in adjusting the modulating equipment. 
Since the final aural I.F. in the intercarrier receiver is developed by 
the beat between the visual and aural carriers, inadvertent modu-
lation of this type will cause spurious modulation of the beat note, 

37 For design considerations of the R-F oscillator power supply see O. H. Schade, 
"Radio-Frequency Operated High-Voltage Supplies for Cathode Ray Tubes," 
¡'roe. IRE, 31, 4 (April 1943); also R. S. Maul ner and O. H. Schade, "Television 
High Voltage R-F Supplies," RCA Review, VIII, 1 (March 1947). 
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which, in turn, will be detected and reproduced in the audio channel 
of the receiver. The first proposal, then, is that the standards include 
a section requiring that no phase or frequency modulation of the 
visual carrier be permitted. 
A second proposal has to do with the maximum allowable degree of 

modulation of the visual carrier. Since the aural I.F. is the beat note 
between the two carriers, its existence depends upon the presence of 
both carriers at all times. This fact may be verified from eqs. ( 14-85), 
which show that the amplitudes of the beat notes are proportional to 
the square of E1, the video carrier amplitude. The difficulty here is 
that current standards allow a maximum white signal to modulate the 
video carrier to 15 per cent or less of the peak voltage amplitude of 
the radiated signal. Thus, if a white signal modulates the visual 
carrier down to zero amplitude, no sound will be reproduced at the 
receiver for the duration of a white signal. For this reason Dome 
recommends that the phrase "or less" be eliminated so that the 
minimum carrier level will be 15 per cent of the peak.38 
The third proposal is that the frequency difference between the two 

transmitted carriers be incorporated into the standards. Existing 
standards specify tolerances on each carrier frequency separately. 
Thus, even though each carrier is held within the allowable tolerance, 
the beat note may drift from 4.5 megacycles, thereby impairing the 
reproduction of sound at the receiver. It may be supposed that a 
system of driving both transmitters from a single controlled oscillator 
will be used if this proposal is adopted by the Federal Communi-
cations Commission. 
The fourth proposal for ensuring proper performance of the carrier 

difference receiver is that the ± 25-kilocycle swing permitted for the 
frequency-modulated aural signal be raised to at least ± 75 kilocycles. 
The effect of this proposal would be to mask out inadvertent fre-
quency modulation of the visual carrier. 
Two facts should be noted in reference to the proposed modifi-

cations of the television transmission standards which have just been 
described. First, their acceptance will have no adverse effect on 
existing receivers of the conventional double-I.F. channel type which 
are properly designed. Second, the majority of television stations 

38 Since the time of Dome's proposal, the standard lilts been changed so that 
maximum white corresponds to 12.5 per cent ± 2.5 per cent of the peak voltage 
amplitude. See standard No. 16, section 9-2. 
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maintain such excellent control over their transmission that inter-
carrier receivers operate perfectly under the existing standards. The 
proposals are safety measures which would guarantee proper reception 
from all television stations. In support of this statement it is inter-
esting to note that at the time of writing, receivers of the intercarrier 
type are produced by at least four large manufacturing organizations. 

PROJECTION SYSTEMS 39,40,41,42,43 

As black-and-white television has become more widely adopted, 
there has been an increasing demand on the part of the buying public 
for larger and larger images at the television receiver. To satisfy 
this demand direct-view tubes of 10, 12, 16, 19, and even 30-in, di-
ameters have been developed, and the trend is to even larger sizes as 
better means are developed to overcome the large forces exerted by 
atmospheric pressure on the face of the evacuated tube envelope. 
These large tubes are expensive, however, and as a consequence 
resort has been made to various forms of optical systems which 
project an enlarged image of the fluorescent face of a small tube onto 
a. viewing screen. 

Basically two types of projection systems have been employed with 
cathode-ray tubes in television receivers: the refractive type, which 
utilizes a lens, and the reflective type, which employs a mirror. Of 
the two, the latter has found greater adoption in the United States. 
The reasons for this are discussed in the paragraphs which follow. 

1 4-1 5. Refractive Projection Systems 

The basic layout for a refractive optical projection system is shown 
in Fig. 14-31. The principle is quite simple, being similar to that 
used in a slide- or motion-picture projector: A real image of the 
illuminated face of the cathode-ray tube is focused on the viewing 
screen by a suitable lens system. Either an opaque or a translucent 

D. O. Landis, "Television Receiver." U. S. Patefit No. 2,273,801, February 
17, 1942. 
e M. S. Kay, "Television Projection Systems." Radio and 7'eleeision News, 

41, 5 (May 19.49). 
41 E. L. Clark, "Projection Type Television Receiver." Radio-Electrome En-

gineering Edition of Radio and Television News, 9, 3 (September 1947). 
42 V. K. Zworykin, "Reflective Optical System for Projection Television." 

Radio News, 88, 3 (September 1947). 
43 H. Rinia, J. de (liar, and P. M. van Alphen, "Home Projection Television 

Part I," Proc. IRE, 36, 3 (March 1948). 
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screen may be used, depending upon whether the image is projected 
from the front or the back of the screen. The primary problem in-

volved has to do with the 
brightness of the projected im-
age. For example, let a 5TP4 
projection kinescope be used 

SCREEN 
and scanned with a raster size 

LENS of 4 inches X 3 inches. Fur-
ther, let the projected image be 
20 in. X 15 in. If the lens sys-

Fig. 14-31. Basic layout of a ref 'active 
projection system. tem has a transmission coeffi-

cient of unity, the total light 
flux in the raster and the image must be the same, or, in other words, 
the illumination on the viewing screen will be less by a factor of 

4 X 3 1 
20 X 15 — 25 

than that of the kinescope image. This situation is aggravated by 
the fact that a typical lens system will have a transmission coefficient 
in the range of 0.06, so that the illumination ratio is reduced to 
roughly 1/400. 

This situation may be eased by employing a larger kinescope, which 
permits reduction in the system magnification, but the lens size must 
also be increased. Alternatively, the tube size may be kept constant 
and a larger-aperture lens provided. To this end a commercially 
available f/1.9 lens has been developed. At present, larger stop sizes 
seem impracticable, first, because of high cost, and second, because 
of the lowered transmission coefficient. In the latter regard problems 
of aberration arise in the larger lens systems, which are corrected by 
increasing the number of elements in the lens system. We have 
already observed in Chapter 6 that the loss of light in transmission 
through a lens system occurs primarily at the air-glass boundaries; 
hence a system employing a large number of elements will generally 
have a lower transmission coefficient than a simple lens. 
The use of the aluminum-backed 5TP4 projection kinescope and of 

the coated f/1.9 lens has permitted the development of a satisfactory 
refractive projection system, but this is less popular than the reflec-
tive type. 
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14-16. Reflective Projection 

The majority of reflective-projection television systems are based 
on some variation of the Schmidt optical system, which is used in 
certain astronomical telescopes. One form of the system is illustrated 
in Fig. 14-32a. In essence, the system utilizes a spherical mirror 

(o) (b) 
Fig. 14-32. Two forms of the Schmidt optical system of projec-

tion. (a) A straight system. M is a spherical mirror; L, a correc-
tion lens. The shaded area represents light lost because of intercep-
tion by the deflection yoke. (b) A folded system. A flat mirror 
reduces the size of the optical system and no light is lost by inter-
ception. (Courtesy of North American Philips Co., Inc.) 

that is silvered on its front surface to reflect a real image of the kine-
scope face onto the viewing screen. Since the mirror exhibits some 
spherical aberration (although to a lesser degree than the projection 
lens), a correction lens, L, is required.44 As may be seen from the 
diagram this corrector is designed to fit over the neck of the projection 
tube. One interesting feature to note is that quite often the center 
portion of the curved mirror is cut away, the reason being that 
monochromatic aberrations are thereby eliminated. 
The chief advantages of the reflective system are three: first, an 

over-all transmission coefficient of approximately 0.25 is obtained; 
second, of all mirror shapes the spherical is the easiest and least 
expensive to produce; third, even though of complex form, the correc-

4, It is interesting to note that the separate corrector lens may be eliminated by 
use of a Mangin mirror in which the front surface is ground to provide the re-
quired correction. Both front and rear surfaces are spherical, but silvering must 
be on the rear surface. See D. H. Jacobs, Fundamentals of Optical Engineering. 
New York: McGraw-Hill Book Company, Inc., 1943. 
To the author's knowledge the Mangin mirror has not been used in television 

l work. 
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tor plate may be produced quite inexpensively. To this end tech-
niques have been developed for heat-forming the corrector from a 
sheet of plastic." 
The primary problems associated with the reflective system are 

collecting of dust on the optical surfaces, proper support of the re-

VI EW,NG 
SCREEN 

CONCAVE 
MIRROR 

FOCUS COIL 
/11.7 

CABINET 
MIRROR 

CORRECTOR 
LENS 

PLANE 
MIRROR 

VERTICAL 
DEFLECTION COIL 

HORIZONTAL 
DEFLECTION COIL 

FOCUS 
COIL 

PROJECTION 
TUBE 

Fig. 14-33. Details of a folded Schmidt optical projection sys-
tem. Notice how the use of two plane mirrors reduces the cabinet 
size required. (Courtesy of North American Philips Co., Inc.) 

45 An alternative system which utilizes a gelatine coating of proper form on 
a supporting laver of glass has been developed by the Philips organization. Rinia, 
de Gier, and van Alphen, op. cit. 
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fleeting element, and sagging of the plastic corrector under its own 

weight. 
Considerable ingenuity has been displayed in fitting the optical 

system into the limited cabinet space of the typical home televisiun 
receiver. Shortening of the physical dimensions of the optical path 
is usually accomplished by folding the optical path by means of 
mirrors as shown in Fig. 14-32b. By way of example a projection 
system which employs two plane mirrors in addition to the curved 
one is shown in Fig. 14-33. The particular unit shown is a packaged 
unit, consisting of the tube, optical system, high-voltage power sup-
ply, and deflection equipment, and is manufactured under the trade 
name "Protelgram" by Philips. A noteworthy feature of the Philips 
system is the small (maximum screen diameter of 21.5 millimeters) 
projection tube used, the idea being that only small deflections are 
required, with a resulting saving in deflection and focusing power. 
Reference to the diagram shows how plane mirrors are used to fit the 

optical path into the receiver cabinet. 

« — PROJECTION TUBE 
DEFLECTION COILS 
ALIGNMENT ASSEMBLY 
ALIGNMENT KNOBS 

OUTPUT CABLE 
HIGH VOLTAGE UN 

\--INPUT LEADS FOCUSING COIL 

LEADS 
TUBE SOCKET PROJECTION TUBE 

TUBE SOCKET 
CONNECTION LEADS MOUNTING BRACKET 

SIDE PLATE (Remc,ed) SECOND ANODE TERMINAL 

Fig. 14-34. Components of Protelgram, a packaged Schmidt 
optical unit with power supply and deflection system. (Courtesy of 

North American Philips Co., Inc.) 

CORRECTOR LENS 
OPTICAL UNIT 

SPHERICAL MIRROR 
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In a number of projection receivers plastic viewing screens are used, 
their surfaces being treated so that they concentrate the light into the 
region most commonly used for viewing, i.e., they do not diffuse 
the light equally in all directions. In one Philco unit a reflecting type 
of screen has been used, whose viewing region is 60° in the horizontal 
plane and 20° in the vertical plane. Horizontal directivity is ob-
tained by scoring the screen surface with a large number of vertical 
grooves of random shape. The screen is made concave in the vertical 
plane to produce the required vertical directivity. Further treatment 
of the screen surface provides uniform diffusion within the 60° and 
20° angular limits, and a screen brightness of some 50 foot-lamberts is 
obtained." 

14-17. The Skiatron System 

In the types of projection television systems described thus far the 
brightness of the final image is limited by the amount of light which 
can be produced by the fluorescent screen of a cathode-ray tube. At 
least two other systems have been devised which eliminate this in-
herent limitation of the cathode-ray tube, the Scophony and Skia-
tron systems. In both of these, the light originates in an external 
source, such as a carbon arc, and its intensity is modulated by a light 
valve, which, in turn, is controlled by the video signal. In the older 
Scophony system, which is illustrated in Fig. 14-35, the light valve 

MIRRORS 

VIEWING SCREEN 
HIGH SPEED LINE SCANNER 

• 

PLANE 1-4". X AL 
PLANE 2 

Fig. 14-35. Basic components of the Scophony reproducing sys-
tem. Light from an external source, such as an arc lamp, is mod-
ulated by a light-control cell under control of the video signal. 
Scanning is provided by rotation of two polygonal mirrors. (Cour-
tesy of Skiatron Corporation.) 

LOW SPEED FRAME SCANNER 

LIGHT CONTROL CELL 

" M. S. Kay, op. cit. 
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takes the form of a Kerr cell or, in later form, of an ultrasonic light 
valve. Scanning is provided by two polygonal mirrors mounted 
normal to each other. The Scophony system of reproduction has 
been used in England primarily. 47 
The Skiatron projection system is an all-electronic counterpart of 

the Scophony system. The basic element is the Skiatron (Skia-
shadow) tube itself. Sho\\ii in Fig. 14-36 it has the general shape 

SKIATRON TUBE 

PROJECTION SCREEN 

PROJECTION LENS 

ELECTRON GUN —a 

MODULATOR - 

CRYSTAL SCREEN 

CONDENSER 

LIGHT SOURCE 

'CATHODE RAY 
BEAM 

Fig. 14-36. The Skiatron projection system. Light from an 
external source is modulated by the variable-opacity screen in the 
Skiatron tube. Opacity is controlled by applying the video signal 
to the electron scanning beam. (Courtesy of Skiatron Corporation.) 

of an iconoscope, but the familiar mosaic is replaced by a screen of 
materials which exhibit the property of "electron opacity," that is, 
the degree of opaqueness of the crystal screen may be controlled by 
electron bombardment. Thus, the electron beam which scans the 
screen is modulated by the video information and so controls the light 
which reaches the viewing screen on which the television picture is re-
produced. 48 While the Skiatron tube found some use in radar pro-
jection systems during the war,4' at the time of writing it has not been 
used to any great extent in television receivers manufactured in this 
country. 

47 For a detailed description of the light valve and its operation, see A. H. Ro-
senthal, "Problems of Theater Television Projection Equipment." J.S.M.P.E., 
45, 3 (September 1945); H. W. Lee, "The Scophony Television Receiver." 
Nature, 142 (July 1938). 

48 For further details of the Skiatron, see A. H. Rosenthal, op. cit. 
49 L. R. Ridenour, Radar System Engineering. New York: McGraw-Hill Book 

Company, Inc., 1947. 



CHAPTER 15 

STAGGER-TUNED AMPLIFIERS 

It was observed in the discussion on I-F amplifiers in the last 
chapter that the rather wide pass band of those amplifiers may be 
obtained with single-tuned component stages, provided that each 
of the cascaded stages is tuned to a different frequency. In the 
present chapter we consider the design equations for a stagger-tuned 
amplifier of this type. Since the single-tuned stage is the primary 
"building block" of the system, we shall first derive its response 
characteristic. We shall then show how several stages may be 
stagger-tuned to synthesize a given symmetrical pass characteristic 
of the maximal flatness type. 

15-1. Single-tuned Amplifier 

The basic circuit of the single-tuned amplifier is shown in Fig. 15-1. 
Since a pentode is used, the 
voltage amplification of the 
stage at any frequency will be 

A = —g„zZL (15-1) 

hence the frequency response, 
both of amplitude and phase, is 
determined solely by the varia-
tion of the load impedance, ZLI 

with frequency. Let us investigate this impedance. Reading from 
the circuit diagram we have 

Fig. 15-1. The single-tuned ampli-
fier. D-e returns and the blocking 
condenser are omitted. 

1  

j (wC — ‘7,1 ) 1 jR (we — 

1? 

1 ± jRC (co — 

622 

(15-2) 
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1  
Let w„ -- center frequency - (15-3) 

V LC 

then Zr, =     (15-4) 
1 jRC (co ± 2̀2) - 1 ± jwoRC 

Now, by definition, the effective Q of the parallel combination of 
R, L, and C is the ratio of the imaginary to the real part of the equiv-
alent series impedance of R and L. Thus, 

equivalent series impedance of R and L 

1 Rcol,  
- 

- 1 . - jR 
R wL 

and, rationalizing, 

cogiL2 jcoln 
-  (15-5) R2 -I- (wL)2 

and, by definition, 

coR2L R 
Q = togiL2 _ w—L (15-6) 

At the center frequency, the effective value of Q will be 

= = RwoC (15-7) 

by (15-3), and the expression for Zr, becomes 

- 
+ - 

1 

(15-8) 

It may be demonstrated that Zr,) and hence A, exhibits geometric 
symmetry; that is, at any two frequencies, f,, and fb, whose geometric 
mean is f,,, the center frequency, the function has the same magnitude, 
and equal phase angles but of opposite sign. To show this, let 

fofb = fo2 (15-9) 

Then at fa 

(15-10) 
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Similarly at fb Yb = /2) fb (15-11) 

and, substituting for fb from ( 15-9), we have 

(11 (f. _ .212 
Yb = \ f. f2 _\f. fal (15-12) 

Since (15-10) and (15-12) are identical except for the minus sign, 
the condition for geometric symmetry is fulfilled. It may be seen, 
therefore, that a plot of ZL or A on a logarithmic frequency scale 
will be symmetrical about the center frequency, 10.1 

Consider next the half-power (3-decibel) bandwidth of the single-
tuned amplifier stage. Let 

12 = upper half-power frequency 

= lower half-power frequency 

= half-power bandwidth 

= — 

Since the half-power point occurs when the magnitude of the voltage 
amplification falls to 0.707 times its center frequency value, it is 
clear from (15-8) that at 12 

Q. (L2 — f-*)- = 
f. 12 

(15-13) 

(15-14) 

Then, factoring out 1/fo, we have 

92 (12 — f-2) -(22 (f2 — fi) = 1 b f2 fo 

or w =— (15-15) 
Q. 

To obtain the expression for ,àf in terms of the circuit parameters 
we substitute for Qo from eq. (15-7); thus, 

' It may be shown that Zr, displays arithmetic symmetry when Q. is 20 or 
greater. Under this condition the expression for the voltage amplification 
becomes 

A 
1 + j2RC (co — (0.) 

This approximate case is not considered here because the requirement on Q0 is 
not satisfied in the design of television I-F amplifiers operating in the vicinity of 
25 megacycles. 
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1  
— 2rRC (15-16) 

It should be noticed that the half-power bandwidth of the amplifier 
is independent of the center frequency to which the plate load circuit 

is tuned. 
If (15-8) and (15-1) are combined, the final expression for the 

gain or voltage amplification becomes 

o,R  
A - 

1 +4f_ ) (15-17) 

It is convenient for the work which follows to rearrange this expres-
sion for the voltage amplification; thus, 

A 
go,R  1  gR 1  

-  Qo (17;± (f. f f.f f„) 27rfoCR _1(10+ jj:2) 

g 1  1 

2TC fo [d f f„\1 
\fo f 

where d = dissipation factor 

1 g = = (15-20) fo 

It is of further convenience to normalize all frequencies in the brack-
eted factor with respect to the center frequency, fo. Thus, let 

F = normalized frequency = (15-21) 

then d = — = AF (15-22) 
Jo 

(15-18) 

and (15-19) becomes 

fl „, 1  1 1 
A - 

1-27rCf° j (F — f° (F — 

(15-19) 

(15-23) 

We see, then, that the amplification is the product of a constant 
factor, art, which is identical to the figure of merit previously defined 
in Chapter 7,2 the reciprocal of fo, and a form factor which varies 

2 This is true provided that C consists only of the tube interelectrode capaci-
tance, a condition which is normally fulfilled in television I-F amplifiers. 
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with frequency. We may, therefore, write the magnitude of the 
amplification as 

9rc 
A = — SI (15-24) 

1 1 
where 

j ( F 1 ) 1)2 (15-25) 
N i(AF)2 ±(F -  — 

F 

The normalized half-power bandwidth, AF, may he calculated in the 
following manner. At F2, the normalized upper half-power frequency, 

Si has the value 1/Nri-; hence at F2 

1 1 
SI 

± (F2 - F2 )  
(15-26) 

but 

= F1 = normalized lower half-power frequency (15-27) 
F2 

1 
SO F2 - = F2 - F1 = F (15-28) 

F2 

therefore (AF)2 (AF)2 = 2 (15-29) 

or AF =1 

We may define the gain-bandwidth factor, r, of the amplifier as 
the product of the gain, normalized with respect to the tube figure 
of merit, times the half-power bandwidth 

r = - àf = —1 Af = 1 (15-30) 
9T/ àFf„ 

that is, the gain-bandwidth factor of the single-tuned stage is unity. 
It is clear from eq. (15-23) that the shape of the amplifier response 

is determined solely by Si, which is plotted to a normalized frequency 
scale in Fig. 15-2.3 Inspection of the Si curve shows that the re-

3 It may be observed that slide-rule calculation of the selectivity function for 
values of r near unity is not accurate because the function involves the difference 
betweerr two nearly equal numbers. Professor Philip Greenstein of New York 
University has suggested the following transformation, which is of value in this 
regard (see bottom of opposite page.) 
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sponse of the single-tuned stage is quite unsatisfactory for use as a 
television I-F amplifier; the response is not flat-topped, and the skirt 
selectivity is poor. Hence we seek some other, more desirable 

response shape. 

0.12 

0.10 

0.8 

0.6 

0.4 

0.2 

o 
01 0.2 03 04 05 06 08 10 2 3 4 5 6 78910 

f = +If° 

Fig. 15-2. Selectivity funetions for tuned amplifiers. ô = 1. 

e e 

N. 
N 

----r  
If m identical single-tuned stages are cascaded, each being tuned 

to the same center frequency, the selectivity function of the over-all 
amplifier will be the product of the m individual functions, or 

1  
Sim [ 1 

— (aF)2 (F - -1)21'12 [i (F 1Y] m12 (15-31) 

F/ 

Now the half-power points of the over-all selectivity function occur 

when the magnitude of the function is 1/Nri. Hence, we may write 
that at F4, the normalized upper half-power frequency of the over-all 
amplifier, 

[1 -I- (F4 — —1)2r/2 = 2 1/2 

F4 

Let 

then 

and 

and 

y = In F 

—y = In ( 1 ) 

F - - = - e-v 2 sinh In r 

SI — 
1 

N/ 1 (2 sinh In F)2 
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or 

Again 
1 - = 
F4 

F3 

1 
_ _1 = 211n, 
F4) (15-32) 

--- normalized lower half-power frequency 
of the over-all amplifier (15-33) 

and F4 — F3 = (AF)T = ô (15-34) 

— normalized half-power bandwidth of 
the over-all amplifier 

It follows at once that the normalized bandwidth of the m synchro-
nously tuned stages in cascade is 

8 = (AF)r = N/2'1'" — 1 (15-35) 

Equation (15-35) shows that the ove'r-all bandwidth of the cascaded 
stages decreases as more stages are added. It may, therefore, be 
seen that cascaded synchronously tuned stages are not satisfactory 
for use in the television I-F amplifier. Further, when m stages of 
amplification are cascaded, the gain-bandwidth factor is taken to be 

(A 0)7.1, (A 0)T'im 
—   (APT — for, 9.1z 9Tt 

(15-36) 

where 
(A .)T = over-all gain of the nt cascaded stages at 

the center frequency (15-37) 

and 8 = normalized over-all half-power bandwidth 

It may be seen, then, that r # 1 for synchronously tuned stages in 
cascade. 

A closer approach to the desired I-F response is afforded by the 
selectivity function 

1 (15-38) S. 
„\182n 1)2" 

Curves of this type are plotted in Fig. 15-2 for n = 2 and n = 3, 
and they correspond, respectively, to transitionally coupled amplifiers 
employing two- and three-tuned circuits. In the remainder of this 
chapter we shall show how S. may be synthesized by means of n 
pairs of staggered single-tuned amplifier stages. 



§15-21 STAGGER-TUNED AMPLIFIERS 629 

15-2. The Staggered Pair.' 

It may be demonstrated that a single pair of staggered single-
tuned stages, as shown in Fig. 15-3, may be designed to give the 
selectivity function 

IS2 

R, 

1 

2 

W01 w 2= 1 2 = 02 ,2ca 

d1- d2- d- %AC, -rikelzcz 

Fig. 15-3. The stagger-tuned pair. 

(15-39) 

The two tubes are assumed to be identical and both stages to have 
the same dissipation factor. Let the two stages have the center 
frequencies 

and 

fot = afo 1 (—15-40) 

The method herein described for synthesizing the selectivity function is due 
to H. E. Wellman, "Stagger-Tuned I.F. Amplifiers." M.I.T. Radiation Lab-
oratory Report 524, 1944. It has the advantage of being simple, straightfor-
ward, and requires only algebraic manipulation. It is admittedly less powerful 
than those procedures which are based upon geometrical distribution of the poles 
and zeros of the coupling networks in the complex plane. It may be shown that 
Wallman's results yield the Butterworth stagger, which corresponds to the tran-
sitional type of selectivity curve, S„, of eq. (15-38). Synthesis with stagger-
tuned stages of other selectivity curves, such as the overcoupled or Chebishev 
(Tchebyscheff) type are best handled by other methods. See, for example, 
W. H. Huggins, "The Natural Behavior of Broadband Circuits." Electronic 
Research Laboratories, Report No. E5013, Cambridge 1948. Design equations 
for both Butterworth and Chebishev staggers are also presented by M. Dishall, 
"Design of Dissipative Band-Pass Filters Producing Desired Exact Amplitude-
Frequency Characteristics." Proc. IRE, 37, 9 (September 1949). See also 
R. F. Baum, "Design of Broadband I.F. Amplifiers." J. Appl. Physics, 17, 6 
(June 1946) and 17, 9 (September 1946). 
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such that their geometric mean is f., the center frequency of the pair 

foifa afoL = P (15-41) a 

Then the over-all gain of the pair will be 

(1. 1 1 
AT = 

2wei d (fe fl)] X 

27C2 fo2 d + (1 

g „, la  1  

27rCi 27rC2 afo fo[d j_ _ L21)] x 
j Vol J. 

[d + 4;1 21 — L:f2)] 

Again the frequencies may be normalized with respect to f., the 
center frequency of the pair, thus, 

= 

and 

foi. fo 
Foi= = a = a 

fo fo 

L 1 

o 2 fo af0 « 

(15-42) 

(15-43) 

Substitution of these values into ( 15-42) yields 

gm 1  1 1  

AT — 27rCi 27rC2f°2 [d .!?.)][d _ 2-;,) (15-44) 
a F 

and the selectivity function of the staggered pair is 

1 
ST — 
d - d j (aF — 1 

a F 

(15-45) 



A= 

§15-21 STAGGER-TUNED AMPLIFIERS 631 

Then, expanding the denominator, à, we have 

j d [a (F — ± (F — 11)1 — R F2+ -,2) — (a2 •x2)] 

(15-46) 

Considerable simplification results from the use of the following iden-

tities 

(a2 = (a 2)2 + 2 a - a/ 

and (F2 -Pil,"-2) = (F — !,)2 ± 2 

Then (15-46) becomes 

à = 
a a F 

(15-48) 

It should be observed that the only variable in (15-48) is the fre-
quency term (F — 1/F), which we shall represent by x. We may, 
therefore, write the selectivity function of the staggered pair as 

Sr - 

1 

d2 (a — 1)2 jd (a ± 1) x (jx)2 
a a 

We now ask the question: Is ST of the same form as S2 of the eq. 
(15-39)? If it is, the staggered pair may be used to synthesize the 
S2 characteristic. To answer the question we shall use this procedure: 
Expand the denominator of S2 by judicious factoring, set up a com-
plex function whose magnitude is equal to the denominator of Sz, 
and finally show that the complex function may be made identical 
to the denominator of Sr. Proceeding on this basis, then, we under-
take to expand the square of the denominator of (15-39) by factoring; 

thus, 

(15-47) 

t54 x 4 = (x 2 i62)[x2 ( 

=_ (x2 ,j(r/2)62) (x2  

(15-49) 

(15-50) 
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and, multiplying out the factors, we obtain 

± x4 = x4 _ 62x2(,;(./2) e-J(T/2)) 84 

= x4 - (282 cos -2) x2 ± 84 (15-51) 

It is apparent that the identity is preserved because cos -2 = O. 

By retaining the middle term, however, we can obtain the desired 
results, but we must be sure not to divide by the cosine term. 
The second step in the synthesizing procedure requires that we 

set up a complex function of the general form of ( 15-48), whose 
magnitude squared is (54 ± x4). Thus we try a function 

jkx (jr)2 (15-52) 
and stipulate that 

1 52 jkx (jx)2 12 = 6 ± 

Let us expand the left-hand member of the equation. 

82 + jkx + (jx)2 12 = I (82 - x2) + jkx 12 

= (52 x2)2 + (kX)2 

(15-53) 

= 84 ± (k2 - 252)x2 ± x4 (15-54) 

Then, equating (15-51) and ( 15-53), we have 

hence 

or 

and 

• 
54 ± (k2 262)x2 + x4 = x4 (262 cos _7) x2 ± 64 

2 

262 - k2 = 262 cos -2 

k2 = 262 (1 — = %2 2 sin' Ir. 
4 

k = 28 sin —7 
4 

(15-55) 

(15-56) 

These equations show that (54 ± x4) may be replaced by (15-52), 
provided that k has the value specified in eq. (15-56). We may, 
therefore, rewrite S2 in terms of the complex function; thus, 

s2 - 
1 

52 ± j (28 sin x (ix)2 I 
(15-57) 
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With S2 expressed in this manner, we can see that it is of the 
same form as Sr and that the two selectivity functions will be iden-
tical, provided that the coefficients of corresponding powers of x 
are equal. Then, equating coefficients, we have 

for x° d2 (a 1)2 = (52 
(15-58) 

a 

and for x' = 28 sin 

We now solve for d and a. Squaring (15-59), 

d2 (a ± 1)2 = 482 sin' a 
a 4 

(a ± 1)2 = (a — 1)2 + 4 a a 

hence d' [(a — 1 2 + 4] = 48, sin2 
a 4 

but 

Substituting from ( 15-58) for (a — 1)2, 
a 

d2[82 — d' ± 4] = 48' sin' 

or d4 — d2(452 ± 4) ± 482 sin' 7-4 = 

(15-59) 

(15-60) 

(15-61) 

Therefore (4 ± 82) ± \184 882 ± 16 — 1682 sin' -4 (15-62) 
— 

2 

The term under the radical may be simplified. 

454 ± 86' ± 16 — 1662 sin' = 862 (1 — 2 sin' + o + 16 
4 4 

= 16 ± 862 cos ; + 84 (15-63) 

Hence the dissipation factor is given by 

4 ± 6' — .\116 ± 88' cos a ± 84 
2  

(12 — 
2 

(15-64) 
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and a may be determined from eq. (15-58). The solution of these 
equations is plotted in Fig. 15-4. 
We have therefore shown that a pair of single-tuned circuits of 

the proper dissipation factor, d, may be stagger-tuned to give an 
over-all selectivity characteristic, S2, defined by eq. (15-39). The 
quantity r5 is the normalized half-power bandwidth of the combina-
tion: 

e _ 
fo 

where (APT is the half-power bandwidth of the combination, and fo 
is the center frequency of the combination. With these facts in mind 

2.2 
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Fig. 15-4. Design curves h r the st tggered pair. (After Wallman.) 

(15-65) 

EXACT VALUE OF a 
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we are able to calculate the gain-bandwidth factor for the staggered 
pair; thus from ( 15-44} 

whence 

2.4 

2.2 

7,0 

1.8 

1.6 

1.4 

1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

o 
0 02 04 06 08 

.1 
1  — .' 

./" (F. — F 

= fo2(52. 

(15-66) 

(15-67) 
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and, by (15-36), 

(A.)T112 ffli 1 
— fob = = 

911. fob eit 

This latter relationship is of use in evaluating the gain of the stag-

gered pair. 
The use of the equations which have been derived may be il-

lustrated by the following example. It is required to design a 
staggered pair centered at 30 megacycles and having a 25-megacycle 
half-power bandwidth. 6AK5's are to be used. gm = 5000 µmhos 
and C1 = C2 = 12 iLd. By eq. (15-65), 

25 
= —30 = 0.834 

Reading from Fig. 15-4, we obtain the design values 

d = 0.565 and a = 1.35 

Hence we require two stages of d = 0.565 and stagger-tuned to the 

frequencies 

foi = af0 = (1.35)(30) = 40.5 megacycles 

12_ _ 30 
J.2 — _ a - 1.35 = 22.2 megacycles 

From (15-7) and (15-20) the required loading resistors are 

1  1  - 580 ohms 
= weCid 2r(40.5 X 106)(12 X 10-12)(0.565) 

and 
1 1 

R2 — 
Wo2C2d 2r(22.2 X 106)(12 X 10-12)(0.565) - 1'058 ohms 

The values of inductance may be determined by means of eq. (15-3); 

thus 

1 1  
L1 - - 1.28 µh 

(.0.12C1 [2r(40.5 X 106)12(12 X 10-12)  

1  1  
L2 =— — 4.3 e .022c2 - [2(22.2 X 106)12(12 X 10-12) 

The gain of the pair at the center frequency, f, may be calculated 
in two ways. First, since I' = 1 for the combination, we have from 

(15-36) 



§15-21 STAGGER-TUNED AMPLIFIERS 637 

" t\T 
I  = DU 

(A.)7 = 2 5 X 10-3  

(W)71 [27r(12 X 10-'2) (25 X 106)]2 — 7'02 

The second method involves the use of eq. (15-44); thus at f. (i.e., 
F = 1), the magnitude of the over-all gain is 

9/z2 1 

(A 0)T 
1 

fo2 

1  

(7)2 d2 ± (-1 - 
a 

a )2 \ id2 

— 

1)2 

/66.3\2  1  
- 7 

30 (0.565)2 ± (0.74 - 1.35)2 

It is clear that the first method, which notes that r = 1, is simpler. 
The amplification curves for the combination and the component 
amplifiers are plotted in Fig. 15-6. It may be seen that in contrast 
to the synchronously tuned case, cascaded stagger-tuned stages give 
an over-all bandwidth which is greater than the bandwidth of any 
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Fig. 15-6. Response of the staggered pair. f. = 30 megacycles; 
(Anr = 25 megacycles. AI and A3 are the response curves of the 
component stages. Ar is the over-all response. 

200 
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single component stage. The particular design shown in the diagram 
far exceeds the requirements of the television I-F amplifier in so far 
as bandwidth is concerned and illustrates the type of results which 
may be obtained with the stagger-tuning technique. 
Mention should be made of gain control in the stagger-tuned 

amplifier. Reference to eq. (15-44) shows that the gain of the 
staggered pair is proportional to the product of the tube transcon-
ductances; hence, if one or more of the tubes is of the remote cutoff 
type, gain control is afforded by changing the bias voltage on those 
tubes. In this connection it is important to note that the variations 
in the tube gm will not change the shape of the over-all response 
curve, provided that the Miller effect does not change the input 
capacitance of the tubes. This fact may be verified from eq. (15-44). 
The shape of the response curve is determined solely by the two 
bracketed form factors which are independent of gm. Thus the 
curve shape is independent of the gm factors. The same result 
may be obtained by reasoning physically from the curves of Fig. 15-6. 

It is of interest to note that the stagger-tuned amplifier may be 
adjusted quite simply, provided that the Q. or dissipation factor of 
each stage is correct. Since complete isolation of the tuned circuits 
is afforded by the intervening vacuum tubes, all adjustments are 
independent, and alignment is easily accomplished. For example, 
in the amplifier just designed a signal generator connected to the 
input terminals is set to f.1 = 40.5 megacycles and LI adjusted to 
give maximum output voltage. Either an oscilloscope or a voltmeter 
may be used to check the output. With the first stage tuned, the 
signal generator is reset to 102 = 22.2 megacycles and L2 adjusted to 

maximize the output once again. 

15-3. The Staggered "n-uple" 

The technique just described for synthesizing the S2 selectivity 
function with a pair of , stagger-tuned stages may be extended for 
higher values of n to give the function S. of eq. (15-38). The 
analytical approach to the problem is a simple extension of the 
method used for the staggered pair; that is, we factor the denom-
inator squared of S., namely, (b2" -I- x2"), in such a manner that each 
factor may be identified with the selectivity function of a single-
tuned stage. As before, the factors are chosen so that the required 
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number of roots of - 1 are forced into the expression. Thus, we 
factor the denominator of S„ in the following manner: 

ô2" ± x 27, = (x 2 792) (x2 x262) (x2 rev) (15_69) 

where ri is the /th root of the n roots of - 1. A digression on the 
exponential form of these roots of - 1 is in order. By Euler's iden-
tity we have that 

= cos O j sin 

Then, if O ir, the identity becomes 

ehr = - 1 

(15-70) 

(15-71) 

and since the imaginary exponential is periodic in 27r, (15-71) may 
be rewritten as 

--1 = Ei(T-1-21r) = ¿ r(21+1) (15-72) 

where / is an integer. 

Then, taking the nth root of both sides of the equation, we have 

(_ 1)1in =  ehr(2/1-1)/n (15-73) 

If, for example, n = 5, the corresponding roots of - I will be 

1 = 0 

1 = 1 

1 = 2 

/ = 3 

/ -- 4 

rl 

r2 

r3 

1'4 

r5 

= 

= 

= 

El7./5 

= 

(15-74) 

These five roots are shown plotted in the complex plane in Fig. 15-7. 
It is inunediately apparent from the diagram that four of these 
roots are conjugate pairs; hence the five roots may be rewritten 

r2=fie, 

r3= 17= 

r = fif 

r5=ee=rif 

r4= eiv=rie. 

Fig. 15-7. The fifth roots of - 1. 
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= r5 = e-i7/5; r2 = ei3w15, r4 = -13T/5; r3 = Eir (15-75) 

If these ideas are expanded, it may be shown that the roots of - 1 are 

Ej3x/n , 

. . . Ei(n ¿hr 

if n is an odd integer; 

Ej3x/n —j3r/n 

Ej(re — 1)7r/n, E — 1»/n 

(15-76) 

if n is an even integer 

Applying these ideas to eq. (15-69), the expansion for the denom-
inator of S. becomes 
,52n x 2n = [(x 2 Ehr/n,52)(x 2 E —jx/n62)] 

[(x 2 EAT / n32) (x2 / n (32)] 

▪ [(x 2 Ej(n —2)x in b2) (x 2 e —j(n —2)r /te)] 

- eir62], 

if n is odd; 

x 2n = [(x2 €J/"82)(x2 E—jx/n,52)] 

[(x 2 E)3r/ n(52)(x2 —Alf. in ,52)] 

▪ . [(x2 Ej(n — 1)x /n52)(xl ,-j(n -1)1r/q2)] 

(15-77) 

if n is even 

It may be observed that each of the bracketed factors is identical 
in form to the right-hand member of (15-50) and so may be trans-
formed into the trigonometric form of (15-51). Hence the last 
equation may be written 

,52n x 2n = [x. _ 262 cos (1x2 + 84] . [ 4 _ 262 cos ( 371- + (51' 

[ 4 — 152 cos (— 
n - 2 ,)x2 64] [x2 + 

• • • 
n 

if n is odd; 

62" -I- x2" = [x4 - 2S2 cos ()x2 ± 64] • [x4 - 262 cos (-37`)x2 ± 54] r 

• • • [x4 - 262 cos (n 2- /1)/2 ± 

if n is even 

(15-78) 
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Then, continuing the design procedure, we next seek a complex 
function of the form expressed in (15-52), which may be used to 
synthesize each of the bracketed factors. If this process be carried 
out as in the previous case, it may be shown that S. is equal to 

1 

{[52 j28 sin (k) x (jX)2] [52 ± j25 sin ( 2-1n.) x (jx)1 

• • • [52 ± j28 sin (n 2—n 2 ) ± (jX)21 [S jxill (15-79a) 

if n is odd; 

Sn — 1 

{[(52 j25 sin (21r-n--) x (jx)21[52 j25 sin (—Tn) x (jx)21 

. [52 ± j25 sin (n 2—n 1 1r) + (jX) 21} 

if n is even 

(15-79b) 

Now, we have seen that each of these factors except the last, 
where n is odd, may be synthesized by a properly designed staggered 
pair. We have also seen that 1/[8 j(F — 1/F)] is the response of 
a single-tuned stage. It follows at once that where n is odd, S„ may 
be synthesized by (n — 1)/2 staggered pairs plus a single-tuned 
stage centered on f„, and where n is even, by n/2 staggered pairs. 
In either case n stages are required. 

Expressed in terms of the component stages S. is 

Sn = 1 1 
ai) 

[d3 
a3 F 

1  

a3) 

• [S ± j(F — 1 )1} 
Fi 

1  

j — 

1 

d3 j (a3F — 

if n is odd; (15-80a) 
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Sn = 

[I+ 1 

  .  1  

d i (-:-,; ? — ) di + j (aiF — 

Ld3 

1 1  

(1- d3 + (a3F — 
a3 F 

[dn_i ± j ( F — 
an_i F 

1 

1  

j (an_iF   
an_IF 

if n is even 

(15-80b) 

Comparison of (15-79) and ( 15-80) term by term shows the design 
constants to be 

and 

where as before 

4 ± 32 — N/1.6 ± 8(52 17 cos e 
—  

2 

(al — ± d,2 = 82 
al 

8 = 
f 

at = 
fo -

—  wodic 

(15-81) 

(15-82) 

The solutions of (15-81) for the staggered triple (n = 3) are plotted 
in Fig. 15-5. 

15-4. Asymptotic Forms 

Inspection of the design curves for the staggered pair and triple 
shows that as ô becomes 0.3 or less, d and a approach an asymptotic 
value. Under these conditions the solution of eqs. (15-81) becomes 
simpler and there is no need for the design curves. It is fortunate 
from the viewpoint of calculation that the values of ô required in 
television I-F amplifier design generally fall within the asymptotic 
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range. The corresponding solutions for cl and a for this condition 
are now derived. 
To illustrate the simplification of the design equations when 
< 0.3 we shall carry through the calculations for the staggered 

triple. Thus, letting n = 3 and ô < 0.3, eqs. (15-81) may be re-
duced as shown below. The e term under the radical is negligible; 
hence for t = 1 

4 + 62 - N/16 + 862(0.5) 
d12 

2 
(15-83) 

and, expanding the radical by means of the binomial theorem, we 

have 

(16 + 462 ) 1 /2 = 16" + (16)-h/2(462) + • • • 4 + (15-84) 

and (15-83) becomes 

4 + 62 - 4 - 62/2 62 

2 4 
(15-85) 

or d1 0.56 (15-86) 

2 
Then (ai - = 62 - 0.2562 = 0.7562 

1 
al - - = 0.8658 

al 

- 0.8656a - 1 = 0 (15-87) 
whence 

0.8658 + N/0.7562 + 4 0.8656 + 2 
- 1 ± 0.436 ( 15-88) 

2 2 

Similarly, for t = 3, 

cte 4 + 62 - N/16 - 862 4 + 52 - 4 -I- 62 6„ 
2 2 

therefore d3 

and ( «3 - = 62 - 82 = 0 
a3 

whence a3 = 1 

(15-89) 

(15-90) 
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Equations (15-86), ( 15-88), ( 15-89), and ( 15-90) show that the 
selectivity function, 83, may be synthesized by three single-tuned 
stages designed as follows: 

Stage 1: dissipation factor = 0.58, fe = (1 + 0.43S)b, 

Stage 2: dissipation factor = 0.58, fo2 — ( 1 + 0.438) 

Stage 3: dissipation factor = (5, f,a = fo 

The asymptotic solutions for staggered n-uples up to n = 5 are listed 
in Table 15-1. Also shown are the design equations for the case 
when g3 is so small that the selectivity function may be assumed to 
display arithmetic symmetry. Wallman has recommended the fol-
lowing ranges for each of the design formulas: 

< 0.05 

0.05 < ô < 0.3 

0.3 < 

Arithmetic case 

Asymptotic case 

Exact case 

To illustrate the use of the several design equations for the stagger-
tuned I-F amplifier we shall consider the design of a stagger-tuned 
quintuple whose response is to be centered on 24 megacycles and 
which is to have a half-power bandwidth of 4 megacycles. 6AK5's 
are to be used. g. = 9000 i.mhos, and C = 12 me We first cal-
culate the normalized half-power bandwidth, 8, in order to find which 
design case obtains. Then, by (15-82), 

(.Cif )7, 4 
= — = 0.167 

Thus, the asymptotic design equations may be used and the data 
obtained from Table 15-1, part B 5. The required center frequencies 
and dissipation factors of the five stages will be 

= f0(1 ± 0.485) = 24(1.08) = 25.9 megacycles, 

= 0.318 = 0.0516 

24 
fo = 1 + .48(5 — 1.08 — 22.2 megacycles, d2 = 0.315 = 0.0516 

2 0  

fo3 = b(1 -I- 0.298) = 24(1.048) = 25.1 megacycles, 

d3 = 0.815 = 0.135 



TABLE 15-1 

DATA FOR STAGGER TUNING (AFTER W ALLMAN) 

A. Arithmetic Symmetry, 6 < 0.05 

Cornponent stages 
n Center frequency Bandwidth 

2 Pair fo ± 0.35(e)T 0.71 (6 f)T 

3 Triple fo ± 0.43(.1f)r 0.5 (af)2, 

f. (af)r 
4 Quadruple fo ± 0.46(Af)r 0.38(Af)r 

fo ± 0.19(f)r 0.92(àf)r 

5 Quintuple 4, + 0.48(Anr 0.31 (af)T 
:fo ± 0.29(a.nr 0.81 (eàf )7, 
f. (f )r 

B. Asymptotic Case, 0.05 5 6 ≤ 0.3 

Center frequency d 

2 Pair fo(1 + 0.355) 0.718 
0.718 

1 ± 0.358 

3 Triple fo(1 0.438) 0.5 (5 
0.5 

1 + 0.438 
fo 6 

4 Quadruple fo(1 ± 0.468) 

fo 

5 Quintuple 

0.3845 
0.3845 

1 ± 0.468 

f0(1 -1- 0.198) 0.928 
.10 0.928 

1 ± 0.196 

fo(1 + 0.4845) 0.3145 
0.316 

1 ± 0..488 

.fo(1 0.296) 0.818 

1 ± 0.296 

fo 

C. Legend 

(à.t.)r = over-all bandwidth 

f. center frequency 

(At» 

d — 1 
27rfooliC 

f.. = center frequency of the nth stage 
645 

0.816 

o 



646 THE COMMERCIAL TELECASTING SYSTEM (§15-4 

fo 24  
./..4 = - 1 ± 0.298 1.048 - 22.9 megacycles, d4 = 0.818 = 0.135 

fa = f 0 = 24 megacycles, d5 = 8 = 0.167 

The design of R5 and L5 for the fifth stage is calculated. From 
(15-82) 

1 1  
R5 - Wo5C5d5 2(24 X 106)(12 X 10-12)(0.167) - 3'320 ohms 

1  - 1  and L5 - - 3.66 i.th 
os2C5 [27(24 X 106)]2(12 X 10-'2) 

The constants for the four remaining stages are computed in a similar 
manner. 
We next calculate the selectivity function and the amplification. 

Our previous work shows that the normalized selectivity function of 
the staggered quintuple, S5, is 

155 - 
1 
(F 2)10 

± 

For purposes of calculation it is convenient to factor out the S" 
term from the radical; thus, 

155 - 
1 

, ri 1\i i0 
/- 

The calculations for evaluating this function are shown in Table 15-2. 

TABLE 15-2 

fm.c. I F .11L _ m.c. F (F - 1) 6 F 1 (F - 1) [1(y - 1)1 1° ê F Ss 

24 1 1 24 0 0 0 1 
25 1.040 0.961 23.1 0.079 0.475 0.00059 1 
25.5 1.061 0.941 22.6 0.120 0.720 0.0375 0.984 
26 1.082 0.924 22.2 0.158 0.950 0.599 ' 0.792 
26.5 1.102 0.906 21.75 0.196 1.177 5.1 0.405 
27 1.124 0.890 21.4 0.234 1.405 30 0.179 
27.5 1.144 0.874 20.95 0.270 1.621 125 0.090 
28 1.168 0.856 20.58 0.312 1.875 540 0.043 
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These results are plotted in Fig. 15-8. Notice that if the local oscil-
lator of the receiver which incorporates this I-F amplifier runs 
higher than the incoming R-F signal, the proper choice of visual I-F 
frequency is 26.35 megacycles in order that it may lie at the half-
voltage point on the response curve. The aural carrier would be 

1.2 

1.0 

0.8 

S5 
0.6 

0.4 

0.2 

o 

\IDEAL 

I 

20 21 22 23 24 25 26 27 28 29 

f IN MEGACYCLES 

Fig. 15-8. Response of a staggered quintuple. I, 24 mega-
cycles; CCOT = 4 megacycles. The right-hand skirt matches the 
ideal I-F characteristic very well. Additional shaping may be ob-
tained with traps. 

26.35 — 4.5 = 21.85 megacycles. It should be noticed that the re-
sponse in the region of the visual carrier closely approximates the ideal 
curve, which is linear in the range 26.35 ± 0.75 megacycles, and that 
the response is flat for approximately 3.60 megacycles. Trap circuits 
may be used to further shape the curve as required. 
The gain of the five-stage amplifier may be calculated quite readily 

by noting that r = 1. Then, from eq. (15-36), 

therefore 

r = .1 5 (Af)T = 1 

(A.)r — [  — [-664.3] = (16.58)5 
or gain = (5)20 log 16.58 = 122 decibels 

In the usual case, one of the tuned circuits, say L5C5/?5, would serve 
as the load for the frequency mixer. In that case the gain will be 
less than calculated above because the conversion transconductance 
of the mixer is less than the g. of the four other stages and hence 
the mixer figure of merit is less than that of the other stages. 



CHAPTER 16 

THE RECEIVING ANTENNA 

Under current transmission staiidards the frequency of the radiated 

signal from the transmitting antenna lies in the very high frequency 
(V.H.F.) band. Some knowledge is therefore required of the propa-
gation characteristics of this band of frequencies in order that the 
requirements on the receiving antenna may be understood. In the 
present chapter statement will he made of certain principal properties 
of V.H.F. propagation and of the properties of several common forms 
of receiving antennas used in that hand. 

16-1. Carrier Frequency Requirement 

The theory of amplitude modulation presumes that the carrier 
frequency is so large compared to the frequency of the highest mod-
ulating-signal component that any one cycle of the carrier wave 
may be considered to be a true sinusoid. This requirement, which 
is tacitly assumed in writing the equation of the amplitude-mod-

ulated wave 

e = (1 -I- in cos w„,t) cos cot (16-1) 

may be met practically if the carrier frequency is at least ten times 
the highest modulating frequency. Then since the television video 
band extends up to approximately 4.5 megacycles, the minimum 
allowable television carrier frequency is some 45 megacycles, and 
television transmission must be confined to the V.H.F. or higher 
frequency bands.' The 12 channels authorized for commercial tele-
vision transmission at present are located in the range from 54 to 

1 The designation of frequency bands used here is that adopted by the F.C.C. 
on March 2, 1943, namely, 

3 to 30 megacycles high frequency, H.F. 
30 to 300 megacycles very high frequency, V.H.F. 
300 to 3000 megacycles ultra high frequency, U.H.F. 
3000 to 30,000 megacycles super high frequency, S.H.F. 

648 
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216 megacycles and thus are in the V.H.F. band. It is anticipated 
that some 40-odd additional U.H.F. channels in the vicinity of 
500 to 900 megacycles will be opened for commercial transmission 
in the near future. 

16-2. Elements of V.H.F. Propagation 

In the general ease of radio waves radiated from a transmitting 
antenna the radiated wave at a distance of several wavelengths 
from the antenna consists of two major components: a sky wave, 
which moves upward toward the ionosphere, where it may or may 
not be reflected back toward the earth at a point far removed from 
the antenna, and a ground wave, which stays close to the earth's 
surface. It is convenient to further subdivide the ground wave 
into space and surface components. In the broadcast band, where 
transmitting antennas are close to the ground in terms of wavelength 
the space component of the ground wave is canceled out and propa-
gation in the normal service range of the transmitter results almost 
entirely from the surface component of the ground wave, which 
effectively travels along the earth's surface. The sky wave, which 
returns to the earth after reflection in the ionosphere, accounts for 
the sporadic reception of the signal at points beyond the normal 
range of the surface wave. It may be shown that the distance 
from the transmitter at which a given field strength may be received 
varies inversely as the frequency of the radiated signal; hence at 
higher frequencies, the surface wave is of negligible value in trans-
mission.' 

In the V.H.F. band the transmitted frequency is so high that 
the surface component of the ground wave has no effect at the re-
ceiving antenna. Furthermore, the bending effect of the sky wave 
in the ionosphere is not sufficient to reflect that wave toward the 
earth, so that the effect of the sky wave must be discounted in tele-
vision transmission. It follows, then, that in the V.H.F. band trans-
mission of the signal is by the space component of the ground wave. 
In contrast to the condition in the broadcast band, television antennas 
must be located several wavelengths above the earth's surface, and 
this space component is not canceled out except at certain points of 
interference. 

2 See, for example, W. L. Everitt, Communication Engineering. New York: 
McGraw-Hill Book Company, Inc., 1937, chap. 19. 



650 THE COMMERCIAL TELECASTING SYSTEM [§16-2 

Reference to Fig. 16-1 shows that the space wave may reach 
the receiving antenna by direct or reflected paths. Assuming a 

Fig. 16-1. The space wave may reach the receiving antenna by 
direct or reflected paths. Notice that the angles of incidence and 
reflection at the earth are equal. 

flat-surfaced earth between the two antennas, the field strength at a 
receiving dipole, which is normal to the direction from the trans-
mitting antenna, as a result of the direct wave component is 

71/e 
gd = volts/meter DIRECT WAVE (16-2) 

where W is the radiated power in watts, and r is the distance between 
receiving and transmitting antennas. 

Propagation by the direct wave is limited essentially to "line-of-
sight" paths since the waves travel in a straight line, and the trans-
mission is described as "quasi-optical." The maximum transmission 
distance for the line-of-sight propagation may be calculated quite 
easily if we assume a perfectly spherical earth with no intervening 
objects lying between the transmitting and receiving antennas. 
Thus, in Fig. 16-2, d, the optical distance to the horizon, may be 
calculated as follows: d is seen to be the length of the tangent to the 
circle between the transmitting antenna and the horizon. Then 

(h + R)2 = d2 + R2 

where R = radius of the earth 4000 miles 

Then h2 2hR + R2 = d2 + R2 

and since h2 < < R2 

d = V2hR = Ni2 e (4000) 
(5280) 

(16-3) 
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therefore d = 1.23N/h' (16-4) 

where d is the distance in miles, and h' is the antenna height in feet. 
It is usual practice in calculating the maximum distance of propaga-
tion to take into account the refraction of the wave by the earth's 
atmosphere. The refractive effect causes a slight curvature in the 
wave path so that the wave tends to follow the earth's surface. As a 
result the distance of propagation is slightly greater than the line-
of-sight value and may be calculated by assuming the radius of the 
earth to be increased by some factor. Under normal atmospheric 
conditions the index of refraction in the atmosphere decreases linearly 
with height above the earth's surface, and this factor is taken to be 
4/3.3 Equation (16-4) then becomes 

d = Viré (16-4a) 

The same factor may also be applied to (16-5). If, now, the receiv-
ing antenna has a height of a' feet, the maximum line-of-sight trans-
mission distance, r, may be seen from Fig. 16-2 

to be 

r = 1.23(Nfre NA":/ (16-5) 

Returning to the flat-earth problem of Fig. 
16-1 we see that if intervening objects do not 
prevent the reflected wave from reaching the 
antenna, the received field strength will depend 
on two, rather than on a single, components and 
eq. (16-2) will have to be modified. It might 

appear that any number of ground-reflection 
paths are possible. Since, however, a condition 
for reflection is that the angles of incidence and 
reflection be equal, one and only one point of re-
flection will allow the reflected wave to reach the antenna. Since the 
direct and reflected path lengths, rd and (rh ra), respectively are 
different, the two waves will not necessarily arrive in phase at the 
receiving antenna. Therefore we must calculate the phase difference 
produced by the path length difference, A. From Fig. 16-1, 

r 2 --- (h — a)2 r2 (16-6) 

Fig. 16-2. Deter-
mination of the maxi-
mum distance of line-
of-sight propagation 
on the spherical 
earth. 

3 See, for example, D. G. Fink, Radar Engineering. New York: McGraw-Hill 
Book Company, Inc., 1947, chap. 4. 
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but since h and a are each much smaller than r, the first two terms of 
the binomial expansion for the square root may be used. Thus, 

rd = N/r2 (h — a)2 r (h ()2 (16-7) 2r 
Also, from the diagram, 

(rh + 7-0)2 = (h + a)2 r2 or (ri, r.) r (h a)2 (16-8) 
2r 

Then the difference in path lengths is 

(h ± (h - a)2 2ah (rh r«) - rd r 
2r 2r 

The path difference expressed in wavelengths is 

à 2ah 
= = -X7-

When r, the separation between the two antennas, is large, ck will be 
small and a 180° phase reversal of the wave will occur at reflection. 
Then the total difference in phase between the direct and reflected 
waves at the receiving antenna will be 

(16-9) 

(16-10) 

4rah 
(16-11) 

The resultant field strength at the receiving antenna will be the vector 
sum of the two components er and 6a, which differ in phase by 
e radians. We shall assume that the reflected wave suffers zero 

attenuation in the reflecting proc-
meci b Ç e ess. Then, if the path length die-

.. fe ference, a, were equal to zero, the 
Ed E- r 

direct and reflected waves would 
a =0,er=oderi=lecil --- Er 

ato, arrive 180° out of phase at the re-
(a) (b) ceiving antenna and would cancel 

Fig. 16-3. Phase relationships at out. This condition is illustrated 
the receiving antenna. (a) The direct in Fig. 16-3a. It is precisely this 
and reflected signals cancel if à -= O. difference in path, A, which makes 
(1,, Cr is the vector sum of the direct 
and reflected components, reception of the signal possible. 

When à is different from zero 
or an integral multiple of the wavelength, the two components add 
vectorially, and the resultant field strength is 
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gr2 = gr2 gd2 2 grgd cos (1P /r) (16-12) 

and if, as before, zero attenuation is assumed at reflection, 

I Cri = I 8a (16-13) 

and CT becomes 

or 

87.2 = 2gd2[1 — cos (4, - ir)] 

= 282 • 2 sin' (11/ —2 

CT = 28d sin (P —2 7) 

n . (27rah) 
= 2c,d sm — 

Xr 
(16-14) 

It is clear from the last equation that maximum reinforcing of the 
two components will occur when à is some odd multiple of a half-
wavelength. 
Where à is small, the sine may be replaced by the angle and Cr 

becomes 
nn 2irah 

Cr = Lc.,d 
Xr 

and, substituting from (16-2) 

88-V—Wah 
gr - Xr2 

(16-15) 

It must be stressed that eqs. (16-2) and (16-15) presuppose a flat 
perfectly conducting earth and neglect any bending of the wave path 
due to changes in the refractive index of the atmosphere. Additional 
equations for field strength, which take into account the curvature 
of the earth's surface and finite ground conductivity, are available 
in the literature.4,5 

Certain practical factors modify all of the statements which have 
been made to some extent. For example, some bending of the space 
wave takes place as it moves away from the transmitting antenna 
and ranges up to 15 per cent greater than the line-of-sight value 
may be obtained. It is also found in practice that satisfactory re-

4 B. Trevor and P. S. Carter, "Notes on Propagation of Waves Below Ten 
Meters in Length." Proc. IRE, 21,3 (March 1937). 

& Curves for predicting the ground-wave signal range for television are available 
in Appendix IV, Standards of Good Engineering Practice Concerning Television 
Broadcast Stations, F.C.C., 1945. 
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ception may be obtained even when the path between the two anten-
nas is obstructed by a hill. The probable explanation here is that 
the waves are bent around the top of the hill and so tend to follow 
the earth contour to some extent. 
The bending of the space wave also may give rise to what is known 

as anomalous propagation when the distance of transmission exceeds 
the calculated line-of-sight value by an extremely large margin. 
While such long-distance anomalous propagation is of little use for 
normal reception because of its irregularity of occurrence, it is be-
coming recognized as an important factor in station channel assign-
ment because it may result in serious co-channel interference at 
certain times. We may illustrate this problem of co-channel inter-
ference by citing a specific example. WNHC-TV in New Haven, 
Conn., and WFIL-TV in Philadelphia, Penna., are both assigned to 
channel No. 6. The distance between the two cities is roughly 
150 miles; therefore one would expect under normal conditions when 
eq. (16-4a) applies that no co-channel interference would be caused by 
these two stations. For example, a receiver located in the service 
area of New Haven would not receive any signal from the Phila-
delphia station because it lies beyond the horizon of the latter. 
Under certain atmospheric conditions, however, anomalous propaga-
tion may take place and the horizon of the Philadelphia station may 
move outward to include New Haven. As a result the New Haven 
receiver receives both signals with sufficient amplitude to cause 
serious interference. 

Let us consider the mechanism of anomalous propagation in a 
qualitative fashion.6 The refractive index of any medium may be 
defined as the ratio of two velocities of wave propagation, namely, 
the velocity of propagation in a vacuum divided by the velocity of 
propagation in the medium. It may be seen at once that low values 
of the index in the vicinity of unity correspond to high velocities 
in the medium. The refractive index of the earth's atmosphere 
depends upon the densities of the several gases which constitute the 
atmosphere. In general, these densities decrease at higher elevations 
above the earth's surface; hence we might expect that the velocity 
of propagation increases with elevation. Thus, as a radio wave 
leaves an antenna, it moves away from the earth's spherical surface 
and into the less dense regions of the atmosphere where its velocity 

For a quantitative treatment see, for example, D. G. Fink, op. cit. 
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increases. The net effect is that the wave is bent downward toward 
the earth. The degree of bending depends upon the exact manner 
in which the refractive index varies with altitude. Under normal 
conditions the rate of change is constant at a value of — 1.2 X 10-8 
per foot and, as we have stated, the horizon distance may be cal-
culated by assuming a correction factor of 4/3 for the radius of the 
earth. Under other atmospheric conditions, the rate of change of 
refractive index may have a larger numerical value, and the distance 
to the effective horizon increases. In fact, if the rate is — 4.8 X 10-8 
per foot, no horizon as such exists and the waves follow the earth's 

surface at a constant altitude. Between these extremes, the distance 
to the horizon may vary widely and anomalous propagation takes 
place. The same effect may also be observed when the rate of change 

is nonlinear with altitude. 
Reflection of the space wave may also occur at surfaces other than 

that of the earth. For example, a tall building may present a surface 
sufficiently wide in terms of a wavelength that it serves as an efficient 
reflector of the television waves. When one or more of these waves 
reach the receiving antenna in addition to the direct wave, multi-

path reception is said to exist. Since the reflecting surface may be 
relatively far removed from both of the antennas, the difference in 
length between the direct and reflected paths may be so great that 
the image resulting from the reflected wave lags the main image by 
an appreciable portion of the horizontal line interval. Under this 
condition the secondary (reflected) image will appear displaced from 
the primary image on the receiver cathode-ray tube and is called a 
ghost image or simply a ghost. In general, the amplitude of the 
ghost is smaller than that of the primary image because of attenua-
tion at the reflecting surface and over the longer path of transmission. 
Under certain conditions it is possible to locate the probable position 

of the surface that is causing the ghost. 
Let the transmitting and receiving antennas be considered as the 

foci of an infinite family of ellipses, one of which is shown in Fig. 16-4. 
Now, by the definition of an ellipse, 

rr rR = constant = AA' (16-16) 

hence it follows at once that the difference in direct and reflected 
paths is constant for reflections from any surface lying on the ellipse. 
Thus, any such reflecting surface on the ellipse will produce a ghost 



Fig. 16-4. An ellipse of reflection. 
rr rR = constant = AT. 

(a) 
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Fig. 16-5. An ellipse may be drawn 
on a map to locate the reflecting sur-
face that causes the ghost. (a) Deter-
mination of s, the separation between 
the primary and ghost images on the 
cathode-ray tube screen. (b) Method 
of determining the length of string re-
quired for drawing the ellipse of reflec-
tion corresponding to s. 

which lags the primary image by a certain definite amount. Since 
there are theoretically an infinity of these ellipses, the possibility 
of multiple-path reception is large. (Contrast this with reflections 
from the earth's surface.) In practice the number of bothersome 
reflections is small because the transmitting antenna is much higher 

. than most objects in its vicinity. It should be apparent at once, 
however, that the effective number of reflected waves at the receiving 
antenna may be reduced by utilizing a directive, rather than an 
omnidirectional, receiving antenna. 
The ellipse of reflection described in the preceding paragraph 

may be used to locate the probable source of reflection, and this, in 
turn, may help in proper orientation of the directive receiving an-
tenna. Using the notation of Fig. 16-5 we let s be the separation 
on the cathode-ray tube screen between the primary and ghost 
images. 

w = picture width (16-17) 

From Fig. 11-11, the horizontal unblank interval is 

(7.)h = H — 0.16H = 0.84(63.5) 53 msec (16-18) 

and in this interval a radio wave travels a distance 

d = c(r„)h = (186,293)(53 X 10-6) = 9.87 miles (16-19) 
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Then, if A is the difference between the direct and reflected paths 
which causes the image displacement s, we may write 

A d - - 
s w 

or à = 9.87 - (16-20) 

With A known the reflecting surface may be located on a map of the 
area. Two pins are placed on the map, one at the transmitter and 
one at the receiver locations. A loop of string is placed around the 
pins and its length adjusted as shown in b of Fig. 16-5. Then a 
pencil may be inserted into the loop and used to describe an ellipse. 
The reflecting surface will then be a large building, tower, or other 
large object which lies on the ellipse. When its location is known, 
the antenna may be oriented to minimize the ghost signal? 

16-3. General Requirements For the Receiving Antenna 

We have seen that the use of a directive receiving antenna reduces 
the possibility of multiple-path reception. The directive antenna 
further has the advantage of reducing the strength of unwanted 
signals coming from directions other than that to the television 
transmitter. Thus, directivity is a general requirement of the 
receiving-antenna system. 

Unfortunately in large urban communities the problem of directiv-
ity is complicated. When several transmitters are located through-
out the city, a receiving antenna may be located between them and 
a single directive array cannot give optimum results. When this 
condition exists best results are obtained with a number of antennas, 
each oriented for a particular transmitter. Such a system is usually 
cumbersome and expensive, and a simple dipole is used as a compro-
mise; in this case it is hoped that the field strengths will be sufficiently 
great from all the stations to provide a satisfactory picture. 

In the suburban areas a more favorable condition exists because 
most of the transmitters will lie within a sector of 10° to 30° and a 
directive antenna system may be used to good advantage. 

7 The method of using an ellipse to locate the reflecting surface was described 
to the author in 1946 by Mr. Robert Serrell, then of the Columbia Broadcasting 
System. It has subsequently appeared in print: J. R. Meagher, "Television 
Antennas and Transmission Lines," Part II. RCA Radio Service News, XIV, 
1 (January—February 1949). 
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The second general requirement of the receiving antenna is that 
it be broadband, or rather very broadband, for in contrast to the 
transmitter bandwidth of 6 megacycles the receiving antenna must 
operate efficiently over the entire range of 54 to 216 megacycles, 
which covers the 12 authorized channels. In order to ease this 
requirement it has been the common practice to employ two anten-
nas, one for the low (54- to 88-megacycle) and one for the high (174-
to 216-megacycle) band. 
The third general requirement is that a reasonably good impedance 

match be maintained between the antenna and the lead-in transmis-
sion line to the receiver input terminals. If a correct match is 
maintained at the receiver input, a mismatch of 2 to 1 at the antenna 
will still provide satisfactory results. 

BASIC ANTENNA STRUCTURES 

In the following sections we shall consider the properties of certain 
basic antenna structures. In discussing the directivity patterns we 
shall make use of the Rayleigh-Carson reciprocity theorem, which 
states that if a voltage E applied to antenna 1 causes a complex 
current I in an antenna 2, the same current I will flow in antenna 1 
if E be applied to antenna 2. This generalization of the reciprocity 
theorem of linear-circuit theory effectively states that the directivity 
of an antenna receiving a signal is the same as the directivity of that 
antenna when it acts as a transmitter. This theorem is of consider-
able aid because it is frequently easier to derive the directivity pat-
tern of a system when it is driven than when it is receiving. 

16 4. The Dipole 

The most basic antenna element in common use is the dipole or 
conductor of half-wavelength, which has been described in Chap-
ter 13. It has a nominal radiation resistance (or internal resistance) 
of 72 ohms and has the figure-eight directivity pattern which is 
plotted in Fig. 13-29. In order to determine the type of problem 
involved with the dipole as a television receiving antenna, we shall 
consider that a single antenna of this type is to be used for all 12 tele-
vision channels. Its electrical length should be chosen to be one 
half-wavelength long at f., the geometric mean of the bandwidth 
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to be received. '• Since the limits are 54 and 216 megacycles, the 

mean will be 

f„, = V(54)(216) = 108 megacycles (16-21) 

As the frequency of the applied signal is changed the electrical length 

of the antenna will also change. Thus, at 54 megacycles, the lower 
limit of the band, its length will be 

X 54 X 
/54 —108 = — (16-22) 

2 4 

and at the upper limit of 216 megacycles the length will be 

X 216 
1216 = 108 (16-23) 

Thus the dipole cut for 108 megacycles changes in electrical length 
from channel to channel and ranges from X/4 to X. Since the direc-
tivity pattern of the antenna depends upon its electrical length, the 
dipole's pattern will change from channel to channel. Three typical 
patterns are illustrated in Fig. 16-6.9 It may be seen at once that 

= 2I6MC 1.=›. 

(C) 

Fig. 16-6. The directivity pattern of a dipole of fixed length 
changes with the frequency of the received signal. The dipole is 
cut for 108 megacycles. (a) 54 megacycles: / = X/4. (b) 108 mega-
cycles: 1 = X/2. (c) 216 megacycles: 1 = X. 

s The choice of the geometric mean of the received band, f,,,, as the design value 
for determining the antenna length is frequently encountered in the literature. 
It will be seen in Fig. 16-7, however, that such a design value discriminates 
against the lower-frequency stations because the antenna radiation resistance 
decreases as its electrical length is shortened. Since the radiation resistance is 
the ratio of received power to the square of the current at the dipole terminals, 
this means that the antenna is less efficient in converting received power to cur-
rent. In general, then, it is desirable to cut the antenna to be X/2 long at the 
lowest channel to be received. In the remainder of this chapter, however, we 
shall follow the common practice of specifying dipole length in terms of fm. 

Equations for calculating these patterns are available in a number of sources 
See, for example, J. G. Brainerd et al., Ultra-High-Frequency Techniques. New 
York: D. Van Nostrand Company, Inc., 1942, chap. 12. 
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if a station operating on channel No. 13 lies on a line normal to that 
of the antenna, the received signal will be small. Since the patterns 
at lower frequencies are relatively broad, some compromise may be 
effected by orienting the antenna so that one of the 216-megacycle 
lobes is aimed at the channel No. 13 transmitter. 

Further complication results from the variation of the dipole 
impedance as the frequency is varied. Curves showing this effect 
are sketched in Fig. 16-7. The sharp peaks may be reduced by 

3000 

2000 

1000 

+1000 

X 0 

-1000 

Fig. 16-7. Input impedance at the center of a dipole. (a) Resistive 
component. (b) Reactive component. 

increasing the diameter of the dipole. Two ameliorative measures 
immediately suggest themselves. Either a dipole of relatively large 
diameter may be used or two or more dipoles may be used to cover 
the 12 channels. In regard to the first suggestion wind and ice 
loading effects generally restrict the dipole diameter to .1 or in. 
Where the antenna is mounted indoors, for example in an attic, the 
dipole may be expanded into a biconical shape. An indoor antenna 
of this type, formed from metalized cardboard, is available commer-
cially. Other systems for broadbanding the dipole without increasing 
its diameter are discussed in later sections. 
The second solution to the broadband-directivity problem, that 

of using two antennas, has been used to a large extent. Since chan-
nels No. 6 and No. 7 are separated by a gap from 88 to 174 mega-
cycles, which is assigned to commercial frequency modulation broad-
casting and other nontelevision services, it is convenient to provide 
two antennas, one for the low band, 54 to 88 megacycles and covering 
channels No. 2 through No. 6, and one for high band, 174 to 216 
megacycles and covering the remaining seven television channels. 
The mean frequencies for which the dipoles are cut are calculated 
below: 
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Low-band 

f„, = V(54)(88) 
= 69 megacycles 

X 54 
= 0.392X Is4 = 

X 88 X 216 
igg = = 0.639X 1216 = 2 = 357X 

1„, = 468 feet (16-26) 
J m(m.c.) 

Equations (16-25) show that for either antenna the percentage change 
in electrical length over the frequency band is small and consequently 
the directivity pattern will retain a figure-eight shape with maximum 
pickup along the normal to the antenna. The small percentagewise 
change in I over the band also holds the antenna impedance variation 
within smaller limits than those for a single dipole covering both 
bands. 
When the two-dipole system is used, some form of switching must 

be provided so that the receiver will be connected to the correct 
element for any channel being received. Where the use of two 
separate lead-ins is feasible, a double-pole double-throw switch may 
be used at the receiver proper. Alternatively, switching may be 
accomplished electrically at the antennas with a single lead-in con-
necting the switch to the receiver terminals. One form of this sys-
tem applies a 24-volt, 60-cycle pulse to the lead-in to activate the 
remotely located switch. Isolation of the receiver from the 60-cycle 
switching pulse is accomplished by connecting the lead-in to the 
receiver input through two small isolating condensers.'° Similarly 
the television R-F signal is blocked from the 24-volt supply by means 
of R-F chokes. 
A far more convenient system for the television-receiver owner 

completely eliminates the need for manual switching, the change-over 
from one antenna to the other being accomplished by a transmission-
line crossover network." One such self-switching system is illus-

High-band 

f„, = V(174)(216) 
= 194 megacycles (16-24) 

7 X 174 
= = '45X 

(16-25) 

'° D. A. Griffin, "Mast Head Antenna Switching." Radio and Television 
News, 42, 3 (September 1949). 
" L. H. Finneburgh, "Evolution of a TX. Antenna." Radio and Television 

News, 42, 1 (July 1949). 
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trated in Fig. 16-8. 

Xh le- 2 - el 

HI BAND DIPOLE 
Xh 
, 4 

TO RECEIVER=t- e-

(2n+1)›.h 
4 

LO BAND DIPOLE 

In the figure the subscripts h and / indicate the 
geometric mean of the high- and 
low-frequency bands, respectively. 
The crossover network is needed 
primarily to prevent the low-band 
dipole from marring high-band re-
ception. For example, the length 
of the longer dipole at fh is 

X 194 
2 69 

NOMINAL 
SPACING 
=2FT 

4 

2 

SIDE VIEW 

Fig. 16-8. A transmission-line 
crossover network for a hi-lo band 
antenna system. A 72-ohm line is 
used. The short, upper antenna is 
for channels No. 7 to No. 13; the 
lower, longer one for channels No. 2 
to No. 6. 

high-band reception. On the 
a length at h 

hence over a portion of the high 
band its pattern will break up into 
four or even six lobes, thereby in-
creasing the chance of multipath 
reception. Thus, if the two an-
tennas were connected directly to 
the lead-in, the low-band antenna 
would have an adverse effect on 

other hand, the shorter antenna has 

/ =  = 0.178X 2 194 (16-28) 

It still exhibits the basic figure-eight directivity pattern and will 
not mar the low-band reception. The crossover network of Fig. 16-8 
serves, then, to isolate the long dipole from the lead-in at the high-
band frequencies. The design is a compromise based on fh. The 
quarter-wave open-circuited stub, which is connected to the long 
dipole, shorts out that dipole at fh. This short circuit, in turn, is 
reflected as an open circuit to the lead-in, which is located an odd 
number of quarter-wavelengths away. 12 The value of 3Xh/4 is nor-
mally used because a quarter-wavelength section does not have the 
necessary physical length to reach from the longer dipole to the lead-in 
connection. The connection between the lead-in and the high-band 
dipole is of length X5/4. If the transmission line has a character-
istic impedance equal to the antenna resistance (72 ohms), this 
quarter-wave section serves as a 1 to 1 transformer at fh. At other 

12 The impedance for the quarter-wave line may be checked in Fig. 12-15. 
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high-band frequencies the same condition will nearly be true. This 
may be verified by eq. (12-50) for the input impedance of a lossless 
transmission line, which is repeated below for convenience. 

Zio = 

27r/' 
ZR ± jR0 tan —x 

2r/ 
R. jZ R tan — 

X, 

Under the conditions specified, 

ZR R. 
X/4 

and the input impedance becomes approximately 

R 
Zjn ee Ro (16-30) 

ZR 

Since the two dipoles are relatively close together, their driving-
point impedances are affected by the mutual impedance between 
them. A number of compromises in antenna spacing and crossover 
networks have been used in commercial antennas. The dimensions 
shown in Fig. 16-8 are typical. In some instances a more complex 
crossover network is used so that F-M band signals received by the 
two antennas cancel at the lead-in, thereby reducing image effects 
caused by image interference from the 88- to 108-megacycle band. 
A number of techniques for broadbanding the basic dipole have 

been incorporated in the manufacture of receiving antennas. These 
are discussed after the second basic receiving-antenna element, the 
folded dipole. 

16-5. The Folded Dipole 

The second basic element used in receiving antennas is the folded 
dipole. Illustrated in Fig. 16-9a, it consists of two simple dipoles, 
joined together at their ends, and in comparison to a dipole has a 
higher driving-point impedance and better broadband characteristic. 
Roberts'3 has presented an analysis which demonstrates both of these 
properties of the folded unit. Because of the symmetry afforded 
by the ground plane, the actual folded dipole may be replaced by a 

} (16-29) 

"W. van B. Roberts, "Input Impedance of a Folded Dipole." RCA Review, 
VIII, 2 (June 1947). 
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Fig. 16-9. The folded dipole. (a) Basic unit. (b) Equivalent 
folded unipole. (c) Equivalent circuit. (Courtesy of RCA Re-
view.) 

folded quarter-wave unipole above the ground plane. We shall 
consider both conductors of either folded unit to be of the same diam-
eter and the spacing between them small as compared to a wave-
length. Under these conditions the resistance R of each element is 
essentially the same as if that element were alone in free space. 

Roberts has suggested the equivalent circuit shown at c in the 
figure to aid the analysis. Notice that the left-hand element, 2, 
remains grounded, because the two equal voltages el and e3 are in 
phase opposition. The input resistance of the folded unit may now 
be calculated with the aid of the superposition theorem. Thus, 
let e3 = O. Under this condition we have a voltage 2e applied to a 
quarter-wave section, short-circuited at the far end. Since the input 
impedance of such a section is infinite, only a negligible current flows 
in element 1. 
As a second step in the application of the superposition theorem 

we let ei and e2 each be zero and calculate the current flow resulting 
from voltage e3. Under this condition the two elements are joined 
at both ends, appear in parallel, and so have an input impedance R. 
The current which flows in the combination will be 

D 
= - (16-31) 

and since the two elements in parallel are identical, i3 will divide 
equally between them. Thus the current in element 1 because of 
c3 is 

e 
(23)1 = 2- = —2R (16-32) 

Since zero current flows in element 1 because of el and e2, (i3)1 of 
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(16-32) is the total current in that element produced by all three 
generators. The total voltage applied to element 1 is 

e2 e3 = 2e (16-33) 

hence the input impedance of element 1 is 

2e 2e • 2R 
Zin — • — 4R (16-34) 

(3)1 e 

Therefore, when both elements of the folded dipole are of the same 
diameter and are close together, the input impedance is four times 
that of a simple dipole, or approximately 300 ohms. Other values 
of input impedance may be obtained by increasing the diameter of 
one of the elements or by using more than two elements in parallel, 
but to date these variations have found little use in television work. 

Roberts' analysis also gives the key to the broadbanding effect 
of the folded unit. By way of illustration, let the frequency of the 
applied voltage decrease so that the unipole length is less than X/4. 
Then with e3 = 0, el and e2 in series see a finite inductive impedance, 
and a lagging current will flow in element 1. Furthermore the mag-
nitude of this current will increase as the frequency is lowered. 
With el and e2 both equal to zero, the length of the open-circuited 
section consisting of the two elements in parallel will be less than 
X/4, and e3 will see a capacitive impedance. Reference to Fig. 12-15 
shows that as the frequency is lowered, the magnitude of this im-
pedance will increase; thus (i3)1 leads the applied voltage and decreases 
with lowered frequency. The net effect is that the two reactive 
current components in element 1 tend to cancel and keep the input 
impedance more constant over variations in frequency. The effect 
is similar to that obtained with a broadbanding antiresonant circuit 
shunted across the input of the simple dipole. 
As far as directivity is concerned, the two elements of the folded 

dipole are so close together that they appear as a single radiating 
element and so have the same directivity patterns as the simple 
dipole. Thus the techniques described in the last section of utilizing 
two separate antennas to cover the high and low channel bands 
apply equally well, even when the antennas are of the folded dipole 
form. 
A distinct advantage of the folded-dipole receiving antenna is 

that it is readily amenable to lightning-protection methods. In a day 
when indoor broadcast reception antennas are the rule, the public 
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is prone to forget that an outdoor television antenna usually located 
above the highest point on a house provides a formidable lightning 
hazard and that adequate protection should be provided. In the 
folded dipole a voltage node occurs at the center of element 2 and 
so that point may be connected through the supporting mast to 
ground without impairing the receiving characteristics of the antenna. 
With the direct ground connection excellent lightning protection is 
afforded and no separate protective device is required. 

16-6. The Parasitic Element 

The figure-eight directivity pattern of the simple and folded 
dipoles leaves something to be desired, particularly where the antenna 

used in a suburban area where all the transmitters lie within a 
Under this condition the back lobe of the 
the direction opposite of that to the trans-
mitters, serves no useful purpose and in-
creases the possibility of interference from 
unwanted signals. Partial suppression of 
the rear lobe may be obtained with a para-
sitic or nondriven dipole element. The 
basic configuration is shown in Fig. 16-10. 
In order to explain the operation of the 
array on a physical basis we shall assume 
zero mutual impedance between the two 
elements and make use of the Rayleigh-
Carson reciprocity theorem. Thus we as-
sume that power is supplied to the front, or 
driven, element. 
The application of power to the front 

dipole causes a current la to flow and waves 
of equal intensity and in phase with Id are 

radiated in the front and back directions. In traveling a quarter-
wavelength to the parasite, the back wave, Wb, suffers a phase lag 
of ej. 

is 
relatively small sector. 
pattern, i.e., the one in 

BACK 1—•.FRONT 

PAPAS TIC 
ELEMENT 

DRIVEN 
ELEMENT 

Fig. 16-10. A parasitic 
reflector may in used to im-
prove horizontal directivity 
by suppressing the back 
lobe of the dipole radiation' 
pattern. Top view of the 
array is shown. 

27rd 27r X 7r . 
4,1 = = -4 = radians (16-35) 

The back wave induces a voltage, E„, in the parasite, which lags 
Wb by ir radians. Under the assumption of zero mutual impedance 
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the parasitic element behaves like a series resonant circuit and I„, 
the current due to E„, is in phase with E„. Thus I, lags Id by 37r/2 
radians. In effect, then, the system is equivalent to two dipoles, 
spaced one quarter-wavelength apart and driven 270° out of phase. 
1„ also causes equal waves to be radiated in both directions, those 
waves being in phase with I. 

In the forward direction the parasitic's wave lags the driven 
wave by 37r/2 because of the phase difference between Id and /,, 
plus 7r/2 due to the spacing; hence the two waves are in phase and 
add in the forward direction. Toward the rear the parasitic wave 
lags the driven wave by 37r/2 minus 7r/2 due to the antenna spacing, 
and the two waves appear in phase opposition and cancel. By this 
simplified description we see that the parasitic reflector suppresses 
the rear lobe and acts to "reflect" the energy in the forward direction. 
By virtue of the Rayleigh-Carson theorem, the same action obtains 
when the array is used to receive the signal; maximum pickup occurs 
toward the front, whereas pickup from the back direction is min-
imized. 

Practically speaking, the mutual impedance between the driven 
and parasitic elements cannot be neglected; in fact, the mutual 
impedance is the mechanism by which the parasitic element is ex-
cited, and proper phasing of the elements is obtained by adjusting 
the length of the parasite and the spacing between the two elements." 
Usually the reflector is made a little longer than the driven element. 
Broadband requirements further complicate the problem because 

frequency changes affect not only the lengths of the elements, but 
the spacing between them as well. Simplification is again afforded 
by using two arrays, one for the low- and one for the high-band. 
Equations (16-25) show that the conditions are more severe in the 
low band, where the maximum deviation from the geometric band 
center is just less than 30 per cent. Thus, in seeking a compromise 
design for the parasitic reflector we seek a reflector length and spacing 
which give the most uniform results over a maximum frequency 
deviation of 30 per cent. It has been found that the curve of power 
gain of the dipole and parasitic array v. the spacing maximizes for 
a spacing of approximately 0.2X with a relatively sharp decrease for 

" For curves of the effective impedance of the hack element and for directivity 
patterns of the parasitic array see M.I.T. Radar School Staff, Principles of Radar. 
New York: McGraw-Hill Book Company, Inc., 1946, chap. 9. 
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spacings less than 0.15X.'5 Thus, if a distance of 0.225X is used at 
the geometric mean of the band, a good compromise is obtained. 
The corresponding reflector length is taken to be approximately 
0.525X. Allowing a decrease of. roughly 5 per cent for the wave-
length on the antenna as compared to its value in air, we have the 
following design equations: 

driven dipole 

parasitic reflector 

spacing 

L — 4. 468 feet f 468 

L = 4.,2-1 feet 
f 

L — 4, 221 feet f 221 

(16-36) 

The directivity in the forward direction may also be increased 
by a parasitic element in front of the driven element, the requirement 
being that the "director's" length be less than X/2. The curve of 
gain v. spacing is relatively narrow and peaks at a spacing of 0.1X. 
If used at all, the director is used with a driven dipole and a reflector 
to form a three-element array. 

In certain instances where extremely high directivity is required, 
the Yagi array may be used. Shown in Fig. 16-11, this array usually 
consists of a folded driven dipole, one reflector, and three directors. 
Since the performance depends upon several dimensions, the Yagi 
array is essentially a narrow-band device and as such is normally 

Fig. 16-11. The Yagi army. One rear and 
three front parasitic elements are used. Top 
view is shown. (Courtesy of Radio and Tele-
vision News.) 

A = 0.15X B = 0.1X 

X 
1 = 72 + 5% 2 = § 

X 
3 = § — 5e,""o 4 = — 6% 

15 G. Grammer and B. Goodman, The A.R.R.L. Antenna Book, The American 
Radio Relay League, 1939, chap. 9. 
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used for a single channel which provides marginal reception. If the 
advantages of high gain and directivity are needed on several chan-
nels, one array should be provided for each channel along with some 
form of switching device. Since adjacent arrays interact, they 
should be separated by as large a distance as is practicable. 
Under certain rare circumstances the economic factor may limit 

the number of Yagi arrays to two, one each for high- and low-band 
reception. Greenlee has recommended the following compromise 
values where this condition prevails :16 

Band A B 1 2 3 4 

Low 251 17 84 80 76 75 (16-37) 
High 81,5, 6 30 281 27 261 

Nam: All dimensions are in inches; notation is shown in Fig. 16-11. 

It must be stressed that a Yagi array cannot provide anything 
like uniform performance over the entire low or high band and should 
only be used for bandwise operation in the absence of some other 
adaptable method. 

BROADBANDING THE DIPOLE 

The need for a broadband antenna element to provide uniform 
electrical characteristics over a wide frequency band has been pointed 
out in previous sections. It was also stated that some degree of 
broadbanding is afforded by the folded dipole. We next consider 
what means are available for broadbanding the simple dipole. 

16-7. Fans and Vertical V's 

Mention has been made of the fact that as the dipole diameter 
is increased, its resistance increases faster than its reactance, thereby 
producing the required effect by lowering the antenna Q. Prac-
tically speaking, the effective radiator size may be increased by em-
ploying several thin dipoles, all joined together at the feed points. 
Two antennas of this type, the vertical double V" or conical array 
and the fan, are illustrated at a and b in Fig. 16-12. A third type, 
the vertical V, is broadbanded by bending its conductors upward in 

18 L. E. Greenlee, "High-Gain Directional Array for Marginal TV Reception." 
Radio and Television News, 42, 2 (August 1949). 

17 The term "vertical double V" is not in common use but is used here to dis-
tinguish the antenna from the conventional V, which is discussed later. 
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(a) (b) (c) 

Fig. 16-12. Broadband dipoles. (a) The vertical, double-V, or 
conical unit, side view. (13) The fan, top l view. (e) The vertical 
V. side view. 

the vertical plane. In all three cases, the modified dipole structure 
retains the directivity characteristics of the basic dipole. 

16-8. Spikes 

Another broadbanding technique utilizes the principle of altering 
the current distribution in the receiving element and in effect allows 
the dipole to change its length in a manner which offsets the change 
resulting from variation in frequency. The end result is that the 
figure-eight radiation pattern is retained over both the high and low 
bands.'8 The basic form of the modified dipole is shown at b in 
Fig. 16-13, where a lumped inductance is inserted in each arm of 

(a) 

0.D. 

«=•••-e0.0. 

(b) 
48" 

Fig. 16-13. The R.C.A. spiked dipole. (a) Current distribution 
in a dipole, / 3X/2. (b) Series inductance decreases the effective 
length, / X/2. (c) The lumped inductance is replaced by V's or 
"spikes." 

the dipole in order to modify the current distribution. The effect of 
the inductance is to decrease the distance between adjacent current 
minima ;19 thus, if the basic dipole has an electrical length 1 = 3X/2 
with the distribution shown at a, the inductance may be used to give 
the distribution of b and the effective electrical length becomes 
/' = X/2. It may be seen, then, that the added inductance makes 
the effective length /' less than the actual length L. As the frequency 
is raised, the added reactance rises and makes the shortening effect 

more pronounced. 

19 0. M. Woodward, Jr., Reversible-Beam Antenna for Twelve-Channel Tele-
vision Reception, RCA Review, X, 2 (June 1949). 

19 F. E. Terman, "Radio Engineers' Handbook." New York: McGraw-Hill 
Book Company, Inc., 1943. 
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We have already observed that / of the basic dipole increases 
with rising frequency. Thus, with the proper choice of inductance, 
the decrease in /' may be made to compensate the increase in / and 
the net length of the dipole is maintained within relatively small 
limits. In practical form, as used by R.C.A., the dipole uses spikes 
or small V's in place of the lumped inductance, as shown at c in the 
diagram. 

It has been determined that the spikes have negligible effect in 
the low band covering channels No. 2 through No. 6; hence the 
physical length is chosen to favor the low band and the spikes act to 
maintain the effective length at X/2 in the high band as well. The 
spiked antenna may therefore be used to cover all 12 channels and 
may also be used with a similar spiked reflector for back suppression 
of the directivity pattern. Dimensions of the basic unit are shown 
in Fig. 16-13c. 

16-9. Horizontal V 

It has been mentioned that a broadbanding effect without change 
in the directivity pattern may be obtained by bending the sections 
of the dipole upward to form a vertical V as in Figure 16-12c. In 
a similar manner, if the sections are bent in the forward direction to 
form a V in the horizontal plane, broadbanding and change of direc-
tivity are obtained. It is known that the gain in the forward 
direction of a V is a function of the element lengths and the angle 
included between them. Since the electrical length of the element 
varies over the 12 television channels, a compromise design is re-
quired. The included angle is chosen to be 90° and the element 
lengths X/2 (or if space does not permit, X/4) at the lowest channel 
to be received. With these values, the directivity pattern is nearly 
uniform in all directions at the lower frequencies and gradually 
forms into a narrow figure eight, with some minor lobes, as the 
frequency is raised. 

16-10. Vertical Directivity 

The principle of stacking antenna elements in the vertical plane 
to increase directivity in that plane, which was discussed in Chap-
ter 13, may also be used to an advantage in receiving antennas. 
This is particularly true when the receiving antenna is located in a 
region of high local R-F noise due to automobile ignition systems, 



672 THE COMMERCIAL TELECASTING SYSTEM 11 16-10 

faulty neon signs, and other spark-producing devices. Consider 
the arrays shown in broadside view in Fig. 16-14. Simple dipoles 
are shown as the elements, but they may be replaced by V's, double 

7 

(a) ( b) 

Fig. 16-14. Methods of connecting two in-phase elements 
stacked vertically to increase vertical directivity. (a) Center feed. 
(b) End feed. 

vertical V's, or folded dipoles with or without reflectors. For a 
television signal which arrives broadside to the array, equal in-phase 
signals are developed in the upper and lower dipoles that add at the 
lead-in. For local noise generated directly below the array the 
voltage induced in the upper dipole will lag that in the lower dipole 
by 180° because of the difference in distance between the noise source 
and the two dipoles, and the noise signal will cancel at the lead-in. 
For noise sources in the immediate vicinity but not directly below 
the array, the phase difference between the two induced voltages 
will be less than 180° but more than 90°, so that the noise will cancel 
but not completely at the lead-in. The actual vertical directivity 
pattern is that shown in Fig. 13-33. 
A number of receiving antennas which are available on the market 

are illustrated in Fig. 16-15. The broadband antenna illustrated 

Fig. 16-15. Typical commercial television receiving antennas. (a) A broad-
band TV and FM antenna. (Courtesy of Frederick A. Kolster.) (b) A hi-lo 
band array suitable for use when all the stations to be received lie in the same 
general direction from the receiver. (e) A hi-lo band antenna, each band utiliz-
ing a folded dipole with a dipole reflector. Separate lead-ins from each unit, 
or a single lead-in with a crossover network similar to that shown in Fig. 16-8, 
may be used. (d) Two conical antennas stacked vertically. The reflectors 
are also conical units. (e) A hi-lo band antenna whose high-band unit is a Yagi 
array. (b)-(e) courtesy of Oak Ridge Antennas. (f) The Di-loop antenna. The 
loop is cut for channel No. 7 and the dipole for channel No. 2. Maximum pickup 
in the loop is normal to the plane of the loop. (Courtesy of Square Root Mfg. 
Corp.) 



(f) 

Fig. 16-15. (See caption on opposite page.) 
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at a is designed specifically for television and F-M reception and has 
been described in the literature.'" The Di-loop shown at f is the 
basic element for the rotatable antenna described in the next section. 
'l'he loop portion of the antenna is cut for channel No. 7 and the 
dipole is cut for channel No. 2. This particular combination gives 
excellent results. When compared to a standard-folded dipole cut 
for each channel, the performance of the Di-loop is as follows:21 

Channel Relatire response, decibels 

2 —1.2 
4-6 0 
7-13 +1 

One point in regard to the loop is of special interest: its diameter 
is in the order of one wavelength and maximum pickup of signals 
normal to the plane of the loop is obtained. This is in contrast to 
the more familiar loops used in direction finding. In the latter case 
the loop dimensions are small compared to a wavelength, and max-
imum pickup occurs in the plane of the loop. 

16-11. Rotatable Antennas 

When the receiving location is such that the several stations to 
be received lie in several directions, three general receiving installa-
tion alternatives are open. 

(1) An omnidirectional may be used. This is generally avoided 
because of noise pickup problems. 

(2) Individual antennas may be provided for each channel to be 
received. 

(3) Rotatable antennas may be used. 

In its most usual form the third alternative employs an antenna 
which may be physically rotated by a remotely controlled electric 
motor. A more recent form in the television field utilizes a well-
known principle used in radio direction finding. Two receiving 
elements, Di-loops in the commercial model, are mounted at right 
angles to each other in a fixed position. Two separate lead-ins, one 
from each element, feed a broadband goniometer,22 whose output is 

2° Frederick A. Kolster, Antenna Design for Television and FM Reception, 
Proc. IRE, 36, 10 (October 1948). 

21 For further details on the directional properties of the antenna, see "Quadra-
ture-Phased TV Receiving Antenna." Tele-Tech, 8, 11 (November 1949). 

22 See, for example, F. E. Terman, Handbook, op. cit., section 12. Also foot-
note 21 
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connected to the receiver terminals. Rotation of the goniometer 
adjusts the phase relationship between the outputs of the two an-
tenna elements; in effect, the antenna pattern is rotated electrically, 
even though the antenna position remains fixed. 

Since the goniometer must be sufficiently broadband to cover all 
12 television channels, a special design, differing from that of the 
conventional goniometer, is incorporated in the so-called Azimutrol 
unit. Shown in Fig. 16-16, it consists of four stator plates which 
are connected to two crossed Di-loops. Two resistance-coated rotor 
plates are connected to the input terminals of the television receiver. 
Rotation of the rotor allows the phase of the signals which are 

Fig. 16-16. The Azimutrol goniometer unit. Two of the stator 
plates are removed to show the rotor. A circuit diagram of the unit 
is shown in Fig. 16-17. (Courtesy of Square Root Manufacturing 
Corporal ion.) 
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OUTDOOR 

d  QUAD- LOOP 

4 ( optional) 

ANTENNA 

É-
ALTERNATE 

WIRING 

FOR OPTIONAL 

OUTSIDE 

QUAD-LOOP 

ANTENNA 

WHEN OUTDOOR 

ANTENNA IS USED, 

THE BUILT-IN 

ANTENNA LEADS 

ARE DISCONNECTED 

BUILT-IN OF ANTENNA 

AzimursoL 

ANTENNA 
TERMINAL STRIP 

COUNTERPOISE 
APPENDIX 

STATOR 

ROTOR 

RECEIVER 

3 

 • 4 

TV SET INPUT TERMINAL 

Fig. 16-17. A typical built-in antenna employing the Azimutrol. 
(Courtesy of Square Root Manufacturing Corporation.) 

(a) (b) 

Fig. 16-18. Two versions of a built-in antenna. (a) A two-
element unit using the Azimutrol for lobe rotation. The short sec-
tions of transmission line attached to the Azimutrol are matching 
stubs. (b) A simplified version of (a). Motion of the slide permits 
switching the lobe to either of two positions. (Courtesy of Square 
Root Mfg. Corp.) 
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delivered to the receiver from the crossed antennas to be varied so 
that electrical rotation of the antenna lobes is obtained. A circuit 
diagram of the Azimutrol is shown in Fig. 16-17. 

Since the goniometer unit just described allows the antenna lobe 
position to be adjusted for optimum signal regardless of the direction 
to the television transmitter, it may be incorporated into an antenna 
system which is built into the cabinet of the receiver, an obvious 
advantage where it is not practicable or economically feasible to 
use an outdoor antenna. One form of such a built-in antenna is illus-
trated in Fig. 16-17. In practice the basic antenna elements have 
taken on a number of different forms, but those shown in the diagram 
illustrate the principle. Two crossed units are provided, each having 
a figure-eight pattern. With both elements fed to the Azimutrol, 
rotation of the lobes of the resultant pattern is obtained. Two 
forms of the built-in antenna are shown in Fig. 16-18.23 
The principal advantage of the rotary-antenna systems is that 

the receiving antenna may be installed in any convenient manner 
with no thought to orientation; with the i•eceiver in operation the 
antenna may be oriented electrically to give the optimum results. 
As to disadvantages, the rotary systems are invariably more expensive 
than fixed antennas, and they require one more control to be ad-
justed by the television set owner. 

MASTER ANTENNA SYSTEMS 

It is an unfortunate fact that the majority of outdoor television 
antennas in use are large and, to some people, grotesque structures 
which seem to be a determining factor in the architecture of the 
American home. In particular, the roof of a multiple dwelling unit 
housing several television receivers appears like a forest of aluminum 
tubing and lead-in wires, and it is not only the appearance which is 
poor, but the performance of the several receiving antennas as well. 
It is inevitable that a large number of antennas located close together 
will interact, and where local oscillator radiation is present, it can 
amount to an intolerable situation as far as good television reception 
is concerned. In order to reduce the cross-interference in multiple 

23 Other forms of built-in antennas which do not employ the lobe-rotating fea-
ture have been used. One such unit, which may be adjusted channelwise for an 
optimum impedance match, is described in " Philco's New Built-In TV Aerial." 
Tele-Tech, 8, 10 (October 1949). 
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dwelling units, a number of master antenna systems, designed to 
serve all receivers in the unit, have been developed. These have 
been built on two general principles: either video or R.F. is fed 
over the common distribution system. A few typical master systems 
are discussed in the next two sections. 

16-12. Video Distribution 

The first master antenna system to be described effectively employs 
one or more master television receivers, whose amplified composite 
video outputs are fed to a cable system connected to several sweep 
and video slave units. Such a system is quite satisfactory when the 
choice of program is under central control, such as in a hospital. 
The block diagram of such a common-video system is illustrated in 
Fig. 16-19. A single antenna and a master receiver are required 

MASTER 
RECEIVERS 

DISTRIBUTION 
SYSTEM 

VIDEO 
SLAVE 
UNITS 

COMPOSITE 
VIDEO 

SIGNALS 

NO.1 NO.2 NO.3 

Fig. 16-19. Block diagram of a common-video type of master 
antenna system. 

for each channel to be received, the antenna being cut and oriented 
to give optimum performance on that channel. The composite 
video output from each receiver is then fed to a cable distribution 
system. Program selection at each viewing position is by means of 
a switch, which connects the viewing unit to the desired video cable. 
Since no R.F. is involved at the viewing unit, it is really a slave to 
the master receivers; it merely accepts the composite video signal, 
separates picture and sync, develops its own sweep, and displays the 
picture. The system of Fig. 16-19 implies that the master receivers 
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are of the intercarrier type, so that the sound and composite video 
may use a common distribution cable. 

Naturally any number of variations ace possible; for example, the 
detected audio may be fed over a second distribution system, or 
some form of carrier system may be utilized so that all the receiver 
outputs may feed into a single, common distribution system. In 
any event, the common video system has one outstanding disad-
vantage: the individual viewing units cannot be commercial tele-
vision receivers; special slave units are required. Such a limitation 
rules the system out for use in apartment houses, because any set 
owner wants to buy a commercial receiver of his own choice whose 
use is not limited to one particular type of distribution system. 

16-13. R-F Distribution24 

The second major type of master antenna system feeds R.F., as 
opposed to composite video, to the distribution system. The entire 
system is designed so that any conventional television receiver con-
nected to the system views the system as an ideal antenna delivering 
signals for each channel in the area. The block diagram of a typical 
system of this type is illustrated in Fig. 16-20. Again a single sep-

CHAN-
NEL 
X 

  -1 -

RECEIVERS 

CHAN-
NEL 
Y 

-1-

FM 
88-108 
MC 

\.,_.COMBINED RF OF 
ALL CHANNELS 

CHAN-
NEL 

COMMON 
POWER 
SUPPLY 

RECEIVERS 

Fig. 16-20. Block diagram of a typical common-R.F. master an-
tenna system. 

arate antenna is cut and oriented for each channel to be received. 
Connection from each antenna to the distribution cable is through a 
five-tube R-F amplifier whose response is flat within 1 decibel over 
the 6-megacycle channel width, except for the F-M amplifier, which 

24 H. E. Kallmann, "Television Antenna and RF Distribution Systems for 
Apartment Houses." ¡'roc. IRE, 36, 9 (September 1948). 
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RF AMP 
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STAGE 

1.311 3f1 

5211 LINE +II--
1000 

.n. 

2L 2L 2L 

52 fl LINE 

(a) 

RECEIVER PLUG 

75.n 30011 

RECEIVER RECEPTACLE (b) 

Fig. 16-21. Details of a common-R.F. distribution system. 
(a) The output capacitance of the R-F amplifier furnishes a portion 
of the shunt capacitance of the artificial line. (b) The receiver outlet 
isolation and matching system. (Courtesy of Proc. IRE.) 

is essentially flat from 88 to 108 megacycles. The gain of each 
amplifier is under adjustment so that the signal strengths of all 
channels may be made equal in the distribution cable. With all 
channels equalized in this manner the need for contrast adjustment 
at the receiver is minimized as the receiver is tuned from one channel 
to another. 

Considerable ingenuity is used in feeding the R-F amplifiers to 
the distribution cable without upsetting the impedance match. The 
principle used is illustrated at a in Fig. 16-21. The center of the 
52-ohm cable is fed by an artificial line whose nominal impedance 
is also 52 ohms. Then the output capacitance of each amplifier is 
shunted across the line condenser so that the two in parallel furnish 
the design value of 2C. By this means the R-F voltage is delivered 
to the line without upsetting the impedance conditions. 
At each receiver receptacle three conditions must be met. First, 
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the distribution line termination must be correct; second, the receiver 
input impedance must be matched; and third, any local oscillator 
signal radiation from the receiver input terminals should be atten-
uated so that it will not interfere with other sets on the line. The 
receptacle connections shown at b in the figure meet these require-
ments. With the components shown a 30-decibel attenuation occurs 
between the receiver input and the distribution cable; thus a local 
oscillator signal suffers 60-decibel attenuation in going from one 

receiver to another through the cable. As far as the desired signal 
is concerned, the 30-decibel loss is more than compensated by the 
master R-F amplifiers which deliver a 30-millivolt signal to the 
distribution system. 

The initial cost of the system just described is relatively high, 
primarily because of cable installation. Kallmann has estimated 
that the cost to 20 users would equal the cost of the same number 
of individual receiving antenna installations. A number of antenna 
and distribution systems of this general type are available commer-
cially. Other systems of the passive type, i.e., that use no amplifiers, 
have been developed for installations serving a maximum of twelve 
receivers. 25 

" I. Kamen, "Television Master Antennas." Radio and Television News, 41, 
4 (April 1949). 



CHAPTER 1 7 

TELEVISING MOTION PICTURES 

The high programing costs of live-talent shows for the television 
medium make the frequent use of motion pictures as subject material 
almost mandatory. This is particularly true in those stations which 
provide programs throughout the day and rely upon films for spot 
announcements, news features, and general entertainment. In the 
present chapter we consider how the motion picture is adapted to the 
television medium. 

17-1. The Basic Problem 

Basically the problem in televising movies is that the frame and 
field frequencies are different in the two media and. must be made 
compatible in some manner. We have already seen in the earlier 
chapters that the film uses a 24/48 set of standards, that is, the film 
is run at a speed such that 24 frames or individual still pictures ap-
pear in the film gate each second but each frame is displayed twice 
so that the flicker rate is 48 pictures per second. The television 

system, on the other hand, is based on a 30/60 standard by which 
30 frames are scanned with a 2 to 1 interlace each second. Since 
the television rates are standard, the chief factor to be considered 
is how the two systems may be made compatible, and how 24 film 
frames may be "stretched" so that they appear 30 times each second. 
The stretching cannot be accomplished by running the film at 

30/24 (= 1.25) times its normal speed because the higher speed 
would upset the reproduction of the sound track, which is also on 
the film, and would impair the proper illusion of motion in the repro-
duced image. For these reasons, the film itself must be run at a 
24 frame per second rate and the conversion produced by some means 

other than film speed-up. 
A second problem has to do with the pull-down time of the film. 

If, for example, the film is exposed to the television pickup tube 

682 
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during the active portion of the vertical scan interval, the film must 
be moved one frame in the vertical blanking interval of 1.25 milli-

seconds, a severe requirement indeed. 
A third problem concerns the shutter mechanism, which must 

expose the film to the pickup system for short, precisely timed inter-
vals with as much brightness as possible. These problems and 
their solutions are considered in the three following sections. 

17-2. The Film Scanning Interval 

In order to investigate the pull-down requirements in the cinema 

projector we must first consider the running speed of standard motion-
picture film. Since sound film is generally used for television work, 
two sets of data are required: one for 35-millimeter film and one for 
16-millimeter sound film. The pertinent data are listed in Table 17-1. 

TABLE 17-1 

DATA FOR 35- AND In-MILLIMETER SOUND FILM 

3.5 mm 16 mm 

Average speed, ft per min 90 36.3 
Frames per ft 16 39.7 
fp, frames per sec 24 24 
li, frame height in. 0.75 0.32 
A, aspect ratio 4/3 4/3 

The careful student will notice an apparent discrepancy in the 
figures presented in the table in that the frame height is not equal to 
the film width divided by the picture-aspect ratio. The reason for 
this discrepancy is, of course, that the entire film width is not used 
for the picture; space must be reserved for the sprocket holes, which 
are used for driving the film, and for the associated sound track. 

If, now, a system is adopted which requires a frame change during 
the television vertical blanking interval, the pull-down of one frame 
height is required in 1.25 milliseconds. During this short period 
the film must start from rest, move downward one frame height, 
and come to rest again. It has been found experimentally that the 
film breaks under these conditions and some manner of easing the 
requirements, of lengthening the pull-down time, must be found if 
the operation is to be satisfactory. 
The solution to the difficulty lies in the use of a storage tube such 
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as the iconoscope for the television pickup. Since a tube of th i, 
type stores information, the roles of scan and blanking intervals 
may be interchanged in so far as picture projection and picture pull-
down are concerned. Thus with the storage tube the film is projected 
onto the mosaic during the vertical blanking interval and pull-down 
may occur during the relatively long (15.42 milliseconds) interval 
when the mosaic of the iconoscope is being scanned. It may be 
seen, then, that the storage camera tube is used to ease the require-
ments on film pull-down. In the usual film projector modified for 
television use a pull-down time of 14.9 milliseconds is used. 

17-3. 24 Frames to 60 Fields 

Since the film must. run at its proper speed of 24 frames per sec-
ond, it is apparent that the required conversion must be obtained 
by projecting each film frame onto the mosaic more than once. If 
this be done so that each film frame remains in the projection gate 
for an equal length of time, each frame must be projected onto the 
mosaic 60/24 ( = 2.5) times, clearly an impossible condition. A com-
promise may be reached, however, by exposing alternate frames an 
unequal number of times. For example, if the sequence 2,3,2,3, • • • 
is used, the requirements will be met. Half of the frames on each 
second of film will be exposed twice, and the other half three times; 
then 

24 
—24 (2) -I- — (3) = 24 36 = 60 
2 2 (17-1) 

and the required conversion is obtained; with the film running at an 
average speed of 24 frames per second, the mosaic may be illuminated 

60 times a second to meet the requirements of the interlaced sean. 
Since the exposure time of the mosaic is extremely short, it is 

desirable that a light source of high intensity be used. Until 1948 a 
carbon arc was used for this purpose and the exposure time of the 
mosaic was controlled by a rotating shutter, which alternately opened 

and closed the optical path to the camera tube. On the basis of 
what has been said thus far, then, the film projector itself must be 
designed to provide the unbalanced film-in-gate periods and the 
proper open-shutter intervals. The required timing sequences to 
accomplish this in a 35-millimeter projector, which can have a 
14.9 millisecond pull-down time, are shown in Fig. 17-1. 
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PULL-DOWN 
TIME.1/67 SEC 

SHUTTER OPEN 

o 1/60 

MOTION 

50 31/0 11  
4/60 

t IN SECONDS 

(a) 

(b) 
Fig. 17-1. Scanning sequence for the 35-millimeter filin projector. 

(a) Film motion and shutter operation. (b) Vertical scanning and 
vertical blanking. 

17-4. The 35-millimeter Projector 

In order to provide the 2,3,2,3, • • • scanning sequence a modified 
intermittent movement of the Powers type may be used.' A sche-
matic of the modified unit is shown in Fig. 17-2. The constant-
speed drive is provided by a 3600 revolutions per minute synchronous 
motor, which is fed from the same power line to which the television 
synchronizing signal generator is locked. By this means the rotating 
shutter is locked in with the scanning sequence in the television cam-
era tube. Since a phase ambiguity is present in the conventional 
synchronous motor, the motor used here is provided with a special 
d-e phasing winding, which provides positive lock-in on the proper 

phase. 
The rotating shutter, which has a single exposure notch, is con-

nected directly to the motor shaft and so provides one exposure per 
1/60 second or per vertical field. The intermittent itself is driven 
through a 5 to 1 step-down gear train so that it rotates at 12 revolu-
tions per second. Since two "throw holes," which initiate the pull-
down motion of the drive sprocket, are provided, the number of 
pull-downs per second is 12 X 2 = 24, as required. 

1 E. \V. Engstrom, G. L. Beers, and A. V. Bedford, "Application of Motion-
Picture Film to Television." J. Soc. Mot. l'ir. En g., 33, 3 (July 1939). 
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ARC 

SPIDER 
FOLLOWER 

FILM 

TO 
ICONOSCOPE 

12 RPS 60 RPS 
INTERMITTENT CAM SHUTTER 
WITH TWO THROWS 
UNEQUALLY SPACED 

3600 RPM 
SYNC MOTOR 

60 CPS 

Fig. 17-2. Schematic diagram of a 35-millimeter film projector 
used with an iconoscope. Notice the unequally spaced throw holes 
in the intermittent cam. The phototube to the right of the upper 
film gate is used for setting the average value or background level 
of the video signal. (Courtesy of J. Soc. Mot. Pic. En g.) 

The 2,3,2,3, . . . exposure sequence is provided by allowing suc-

cessive film frames to remain in the gate unequal time intervals. 
This action is made possible by unequal spacing of the two throw 
holes as shown in the diagram. The angular displacements between 

the two throws are 144° and 216'; thus the relative exposure time 
of successive film frames is 

144 2 
relative exposure time = — = - 

216 3 (17-2) 

and again the requirement is met. 

In more recent types of 35-millimeter projectors the rotating shut-
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ter is placed between the light source and the film gate instead of as 
shown in the diagram in order to reduce the fire hazard always present 
when a carbon arc is used for film illumination. 

17-5. The 16-millimeter Projector 

With a large amount of program material now available on 16-milli-
meter sound film, which is much less expensive than the larger 
35-millimeter size and which has a resolution comparable with stand-
ard television, we must consider these several problems for the smaller 
size film. It should be clear from the figures of Table 17-1, which 
show that the frame height in 16-millimeter sound film is less than 
half of that in the 35-millimeter size, that a much shorter pull-down 
time is possible, and the whole problem becomes much simpler. In 
fact, a standard 16-millimeter projector is available commercially 
which utilizes approximately one-tenth of the frame interval for 
pull-down. With this type of projector the standard intermittent 
movement may be used without modification, and the timing se-
quence used is that shown in Fig. 17-3.2 It may be seen at once 
that each frame remains in the film gate for the same length of time, 
which indicates that an unmodified intermittent is used. The 

FILM MOTION  

10 24 10 24.  1/240 SHUTTER OPEN 

innirinnn  
D V4 2/24 3/24 

t IN SECONDS 

(a) 

t...„‘V BLANK 

- V SCAN 

t IN SECONDS 

(b) 

Fig. 17-3. Scanning sequence for the 16-millimeter film projector. 
(a) Film motion and shutter operation. (b) Vertical scanning and 
vertical blanking. 

2 The author is indebted to Mr. Bernard Erde of the Columbia Broadcasting 
System for the data on the 16-millimeter scanning sequence. 
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2,3,2,3, • • • sequence is provided by the rotating shutter alone, a 
method which is possible solely because of the short pull-down time. 
Thus the proper sequence is provided by the setup of Fig. 17-2, 
except that the two throw holes are spaced 180° apart. Inspection 
of Fig. 17-3 shows that with the 16-millimeter system described a 
relatively long exposure time for the mosaic may be provided; that 
is, exposure occurs during the vertical retrace interval plus a portion 
of the scanning interval. The increase of roughly 2.5 to 1 in exposure 
time plus the smaller film size as compared to the 35-millimeter case 
permits the use of a lower light intensity, and quite satisfactory 
results have been obtained with a 1-kilowatt projection bulb in place 
of the arc. 

17-6. The Shutterless 16- millimeter Projector 

The recent development of pulsed gas-filled light sources has 
resulted in the design of a television film projector which utilizes no 
rotating shutter, the shutter action being replaced by electrical 
control of the light source. The timing sequence used in a projector 

(a) 

(b) 

1 
24 FILM MOTION 

0.75 
60 

  SCV I 
3 4 5 6 

ILLUMIN-
ATION 

V BLANK 

60 60 60 60 60 60 60 
TIME IN SECONDS 

Fig. 17-4. Timing sequence for the shutterless film projector. 
(a) Film motion and film illumination. (b) Vertical scanning and 
vertical blanking. 

of this type, which is produced by General Electric, is shown in 
Fig. 17-4.3 It will be observed that a very short mosaic exposure 
period is used (0.8 millisecond). This is possible because of the 
high light output of the type FT-230 krypton-filled lamp. 

L. C. Downes and J. F. Wiggin, "Shutterless Television Film Projector." 
Electronics, 22, 1 (January 1949). 
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The circuit. used for pulsing the arc tube is shown in Fig. 17-5. 
The tube consists of two tungsten electrodes in a krypton atmosphere 
and requires a peak-to-peak voltage of approximately 15 kilovolts 
to break down. This voltage is furnished by the H-V pulser, which 
is keyed by a blocking oscillator synchronized by the vertical blank-
ing pulse from the television system. The form of the pulsing voltage 

BLANK 

LIGHT SOURCE 
FT-230 

(a) 

Fig. 17-5. Lamp-pulsing circuit for the shutterless film projector. 
(a) Pulsing circuit. (h) Approximate wave forms, not to scale. 
(Court esy of Eleetronirs.) 

is shown at h in the diagram, and it is developed across the resonant 
circuit L and C. Once the arc has been established, a lower d-c 
voltage may be used to sustain it. This sustaining voltage is fur-
nished by a three-phase selenium rectifier circuit. The d-c sustaining 
current may be varied between the limits of 1.5 and 2 amperes by 
means of the series regulating resistor R in order to provide control 
of the output.. The return path for the FT-230 is through a thy-
ratron, which cuts off when the oscillatory voltage produced by the 
L-C circuit swings negative. Thus the thyratron serves as a cutoff 
switch for the illuminating cycle. Proper design of the resonant 
circuit limits the illumination interval to approximately 5 per cent 
of the field interval. Notice that proper phasing of the exposure 
with respect to the television scanning cycle is ensured by using the 
vertical blanking pulse to trigger the lighting circuit. 

It should be observed that proper operation of the equipment also 
requires that the film motion be synchronized with the television 
scan in order that pull-down occur in accordance with Fig. 17-4. 
Instead of relying on a synchronous motor with a phasing winding 
to perform this function, use is made of the circuit shown in Fig. 17-6. 
The heart of this system is the phase comparator, which we have 
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JL 

••••••••411.1 stg 
(it 

PHASE COMP 

TACHOMETER GENERATOR 

F I LTER 
HUNT ANTI- AMP &  HCONTROL 

DRIVE MOTOR CONTROL RELAY 
Fig. 17-6. Film motion phasi lg circuit for the shutterless pro-

jector. An error voltage derived from a comparison of a square 
wave and the tachometer output controls the drive motor through a 
feedback loop. (Courtesy of Electronics.) 

previously described and which delivers a d-c error voltage whose 
magnitude and polarity depend upon the phase difference between 
the two voltages being compared. In the present case the compared 
voltages are a square wave derived from the television vertical blank-
ing pulse and the sinusoidal output of a tachometer, which is driven 
by a film projector motor of the universal type. The former voltage, 
which serves as the standard, is a 50-50 square wave produced by a 
multivibrator that is synchronized by the differentiated vertical 
blanking voltage. 
Under normal operation, that is, when the film drive speed and 

phase are correct, zero output is delivered by the comparator and the 
speed-control circuit is passive. Any drift in the drive motor pro-
duces an error voltage which, in turn, operates through the control 
circuit to adjust the motor current until the drift is no longer present 
and the film is properly phased. 
Three broad advantages are claimed for the shutterless television 

film projector. First, the elimination of the rotating shutter reduces 
the driving power required, and the intermittent lamp draws an 
average of 400 watts; thus the entire unit requires less power than 
the light source alone in the shutter type of projector. Second, the 
temperature of the film gate is greatly reduced because of the low 
average power of the light source; hence the fire hazard is low. 
Third, the problem of synchronizing filin-motion and illumination is 
simplified by the electronic control circuits, and the present unit is fast 
enough to operate under more rigid blanking requirements which 
may be standardized in the future. 
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CHAPTER 18 

COLOR TELEVISION 

Our study of television systems to this point has been confined 

to the so-called monochrome or black-and-white systems, in which 
the image is reproduced in shades of gray. Such systems may be 
said to be color-blind, a fact that is illustrated in Fig. 6-5, which shows 
the monochrome equivalents of several typical colors. The situa-
tion here is similar to that in black-and-white photography, where 
each color is reproduced by a gray tone. If, then, we desire to have 
a color television system capable of producing a final image in color, 
we must devise some manner of giving color perception to a color-
blind system. Basically the color television system will consist of 
a black-and-white system on which are superimposed additional 
color-perceiving and color-reproducing components. In the present 

chapter we shall consider some of the schemes which have proved 
more or less successful in providing a reproduced television image in 

full color. 
Our study will consist of three main divisions: Elements of color, 

basic means of analyzing and synthesizing color in a television system, 
and details of several practical color television systems. 

ELEMENTS OF COLOR' 

In order to find means of superimposing color perception on the 
color-blind television system we must first consider some of the basic 
concepts of color and color reproduction. The starting point is 
light itself, which is defined as that portion of the electromagnetic 
spectrum to which the eye responds. White light comprises the 
whole visible spectrum as shown by the use of a prism or a diffraction 
grating; thus it may be demonstrated that the visible spectrum 
consists of a continual distribution of colors ranging from red, through 

For a general reference on color see W. Peddie, Colour Vision. Edward 
Arnold and Co., 1922; and Parry Moon, The Scientific Basis of Illuminating 
Engineering. New York: McGraw-Hill Book Company, Inc., 1936, chap. 13. 
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yellow, green, and blue, to violet, and each of these spectral colors 
may be identified with a certain wavelength or frequency of electro-
magnetic radiation, red lying at the low, and violet lying at the high 
end of the frequency spectrum. The color of any object is deter-
mined by the mixture of all the frequency components of the light 
reflected or transmitted by the object. 

18-1. Response of the Eye 

The response of the eye to color is largely a psychological matter, 
and a number of theories have been advanced to explain the phe-
nomenon of color perception. One such theory, proposed by Young 
and Helmholtz, presumes that the retina, the light-sensitive surface 
in the eye, consists of three separate sets of nerve fibers, each of 
which has its own particular frequency response characteristic. The 
response curves for these fibers, which were investigated by Koenig, 
are illustrated in Fig. 18-1.2 On the basis of the Young-Helmholtz 

BLUE 

Fig. 18-1. Color response curves of the eye. 

theory it is supposed that any color, say a green, is received by the 
brain as three separate stimuli, one from each set of color-sensitive 
fibers. Since each frequency in the spectrum corresponds to a unique 
set of responses, the brain is able to interpret any given set as a 
particular color. 

It is interesting to note the meaning of monochrome response in 
this connection. Let it be supposed that the eye or any other 
device, such as an iconoscope for that matter, has only a single set 
of color-sensitive elements, say the red. Then in the absence of the 
blue and green elements, any color would be interpreted by that eye as 
a shade of red alone. Under this condition an ambiguity exists 

2 See, for example, H. M. Reese, Light. Columbia, Missouri: Lucas Brothers, 
1927. 
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between any two colors which have the same relative response on the 
curve. For example, in Fig. 18-1 the two points marked x have the 
same relative response so that the yellow-green and red-orange indi-
cated would have the same monochrome values. 

18-2. Color Matching 

It would seem, then, from the color response curves of the eye 
that any color may be synthesized as far as the normal eye is con-
cerned by the proper mixture of the three primary colors red, blue, 
and green. This fact has been demonstrated very well in color 
photography and in the several color-printing processes. We shall 
see in the next few paragraphs, however, that there is nothing unique 
about the three primaries red, blue, and green, and that any color 
may be synthesized from any three primaries which differ from each 
other and no two of which can synthesize the third. 

Before demonstrating this last statement it is important that we 
make careful distinction between color stimuli and color sensations. 
On the one hand we have the physical attributes of the radiant en-
ergy reaching the eye, the intensity of the radiation, and its wave-
length (or the intensity and wavelength of each component in the 
radiation). These are properties of the stimulus and, as will be 
shown, it is difficult to directly relate these attributes to the psy-
chological response which we know as color. 
On the other hand, we have the psychological attributes of color, 

which may be conveniently described in terms of three general qual-
ities: hue, chroma (or saturation), and value (or brilliance). These 
qualities form the basis for the Munsell system of color notation.3 
Hue is that sensation which distinguishes one color from another; 
for example, we recognize a reddish or a yellowish sensation. Value 
is that sensation which makes color perception possible. For exam-
ple, an orange viewed in bright sunlight has a typically orange sensa-
tion of great brilliance, whereas the same orange viewed at night 
may not even be visible. Thus we might say that the value of a 
color is related to its position along the gray scale; the sensation of 
value associated with the orange may be lowered by viewing it 
through a neutral gray filter. The third term, chroma, describes 
the degree of saturation of the color or, in other words, its mixture 
with white; that is, we can recognize the difference between an un-

See Life, July 3, 1944, for a reprtHluction in color of tlw Munsell chart. 



696 

1.00 

0.50 

O 

1.00 

0.50 

O 
LOO 

0.50 

o 
LOO 

0.50 

o 
LOO 
J), 

0.50 

COLOR TELEVISION SYSTEMS 1h 8-2 

-/00 
(0) 

(b) 4-1.00 78 

(c) 
100-e 

003 38 

(d) 

00188 .00309 
ie • 

(e) 

o  
0A0 0.44 Q48 0.52 )1/40.56 . 0.60 Q64 0.68 070)4 

Fig. 18-2. The spectral distributions that. cause a given color sensation are 
not. unique. The three distributions of (a), (b), and (e) all appear as the sanie 
neutral gray. In a similar manner the three primaries at (d) give the sanie color 
as the continuous spectrum at (e). (By permission, from Parry Moon, The 
Scientific Basis of Illuminating Engineering, copyright 1936, McGraw-Hill Book 
Company, Inc.) 
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saturated red (or pink) and a saturated red. It is important to 
remember that these terms, hue, value, and chroma are general ones, 
which are convenient names for our visual sensations. They have 
no quantitative significance (except when used with a specific color 
chart such as the Munsell) and must not be used to describe the 
radiation which produces the sensation of color. 
How, then, shall we describe a given color quantitatively? First 

of all it may be described by a curve of intensity v. wavelength, a 

spectroradiometric curve, for the radiation which produces the sensa-
tion of color. Actually a curve of this type, which may be obtained 
with a spectrophotometer, is of little use because it has been found 
experimentally that different intensity-wavelength curves can pro-
duce identical sensations of color. This is illustrated at a, b, and c 
in Fig. 18-2. The three distributions shown are markedly different; 
yet all three produce the same sensation of a neutral gray. 
A more useful approach to the problem is based on specifying the 

intensities of three arbitrary but known primaries, which are able 
to match the unknown color, that is, to produce the same sensation 
as the unknown. The required intensities are determined experi-
mentally by color matching. Figure 18-3 shows the basic equip-

Fig. 18-3. The basic equipment re-
quired for color matching. The intensity 
()I' each of the primaries that illuminate the 
right half-field of the screen may be varied. 
Negative values of a primary are obtained 
by moving the primary source so that it 
illuminates the left half-field. 

ment required, which is quite similar to the usual photometer except 
that three, rather than a single, known sources are used to illuminate 
the right-hand half of the field. It has been determined experi-
mentally with this equipment that at the most only three controls 
need be adjusted to obtain a match of the colors appearing on both 
half-fields. Once a match is obtained, it may be said that the 
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stimulus E(X), which illuminates the left half-field is equivalent to 
the sum of the three primaries, PI, P2, and P3, of intensity /i(X), 
/2(X), /3(X), respectively, or we may write 

E(X) = /2(X)P2 /2(X)P3 (18-1) 

where the equality indicates that both sides of the equation evoke the 
same color sensation. A typical example of such a match is illus-
trated at d and e in Fig. 18-2. The three primaries of intensity shown 
at d produce the same color sensation as the continuous spectrum as 
shown at e. Thus, the particular E(X) may be specified in terms of 
the three primaries and their intensities. 
Two other important facts may be determined with the color 

photometer. First, a color match may be obtained with any three 
primaries Pi, P2, and P3, provided only that no two are identical 
and that no combination of two can match the third. Second, with 
some sets of primaries it may be necessary to move one of them so 
that it illuminates the left half-field along with the unknown in order 
to obtain the color match. When this is true, the primary which 
is moved is said to be a negative primary and a negative sign must 

be used with it in eq. (18-1). 
Another piece of experimental datum obtained with the color 

photometer, which is of importance in our subsequent work, is that 
a match obtained at one value of intensity of the unknown is also a 
match over a wide range of intensities. In other words, a given 
match holds true over a wide intensity range. 

18-3. The Color Triangle 

Since, as we have seen, any color may be specified in terms of 
three primaries, any radiation may be represented by a point in 
space relative to three axes representing the three primaries used. 
Once again it must be stressed that any three primaries may be used, 
in fact, they may even be imaginary. While this may seem to be a 
ridiculous procedure, it nevertheless has the advantage that a suitable 
choice of imaginary primaries eliminates the need for negative coeffi-
cients in eq. (18-1). Furthermore, the fictitious primaries may also 
be chosen such that the point representing white has equal values 

for the coefficients ii(X), /2(X), and /3(X). This is advantageous, for 
one can tell from the position of any point relative to the axes, whether 
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it has a red, blue, or green hue. Such a system of arbitrary primaries 
was adopted in 1931 and is called the C.I.E. system.4 

In setting up the C.I.E. system three color-match curves showing 
the values of /(X) for three primaries required to match homogeneous 
radiation throughout the visible spectrum are obtained. Then, 
through a series of linear transformations these curves are trans-
formed into a new set of curves of shape similar to those shown in 
Fig. 18-1.5 The ordinates of these transformed curves are desig-
nated 2, g, and 2, the trichromatic coefficients. Thus any homo-
geneous radiation may be specified directly in terms of the trichro-
matic coefficients. If the radiation is not homogeneous, integration 
is required. It is, of course, possible to represent any radiation as a 
point in space relative to three axes which represent the trichromatic 
coefficients. 
We have previously stated that a color match is essentially inde-

pendent of the value of the radiation. This fact allows one of the 
co-ordinates required for specifying a homogeneous radiation to be 
eliminated so that the latter may be represented by a point on a two-
dimensional plot or color map. To accomplish this in the C.I.E. 
system, a set of unified trichromatic coefficients are defined such that 

T. 
Then, since 

(18-2) 

X ± Y ± Z = 1 

only two of the unified coefficients X, Y, Z are independent and the 
third, generally Z, may be omitted. Thus, any homogeneous radia-
tion may be represented as a point in the X-Y plane. The resulting 
plot is known as the color triangle or the unified trichromatic coeffi-
cient diagram and is shown in Fig. 18-4. 

'Commission Internationale de l'Éclairage, Compte Rendus des Seances 1931. 
London: Cambridge University Press, 1932. 

5 See P. Moon, op. cit., pp. 470ff. 
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The outer 45° triangle shows the location of the three imaginary 
primaries of the C.I.E. system, red, blue, and green being located at 
the three points of the triangle as shown on the diagram. Our 
previous work has stated that any homogeneous radiation (or spectral 
radiation) may be plotted as a point in the diagram. If this is done 

Y 

(100% BLUE) (toO% RED) 
0 4100 0.4 0.6 0.6 1 

Fig. 18-4. The color triangle or unified trichromatic coefficient 
diagram. The imaginary C.I.E. primaries lie at the corners of the 
45° triangle. The colors of the spectrum and the saturated purples 
lie on the inner triangle. The position of white is marked W. A 
color of any hue and degree of saturation may be specified in terms 
of the unified coefficients X and Y. 

for the entire spectrum, the curved line starting at red and going up 
through green down to blue results. The solid line, then, represents 
the spectral colors. The sensations called saturated purples which 
do not appear in the spectrum of white light, result from mixing reds 
and blues and are shown by the solid line which closes the color 
triangle. Our results thus far show that all the spectral colors plus 
the saturated purples lie on the color triangle itself and, further, 
that the E(X) producing any of these sensations may be specified in 
terms of the unified coefficients X and Y. 

Nonspeetral colors which result from nonhomogeneous radiation 



§18-31 COLOR TELEVISION 701 

may also be specified in terms of the unified coefficients. This is 
accomplished by performing the integrations6 

x' = f E(X)2(X)dX . 0 y' = f E(X)9(X)dX 

= f E(X)2(X)dX 

and by finding the corresponding unified coefficients: 

x' z'  
X - -  Z - (18-4) 

x' -F y' z' x' -I- y' + z' x' -I- y' z' 

These equations are identical to (18-2), except that 2, g, and 2 are 
replaced, respectively, by x', y', and z'; hence, the sensations caused 
by nonhomogeneous radiations also appear in the color diagram and 
lie within the triangle defined by the spectral colors and the saturated 
purples. Thus, any light source E(X) may be represented by a 
single point on or in the triangle;7 that is, the entire gamut of pos-
sible colors lies within the area of the color triangle. The regions 
lying between the inner color triangle and the outer 45° triangle 
defined by the three fictitious primaries have no physical significance. 

In summary, then, we see that any radiation may be specified 
quantitatively by means of the unified trichromatic coefficients and 
may be mapped as a point on the color triangle. 
The color triangle is also of help in synthesizing the sensation of 

color corresponding to some E(X). For example, let it be required 
to synthesize some color C from the three primaries P1, P2, and P3 
shown in Fig. 18-4. Then the relative intensities required of the 
primaries are inversely proportional to the lengths of line joining C 
to each primary. 

(18-3) 

" See P. Moon, op. cit., or P. C. Gok1mark, J. N. Dyer, E. R. Piore, and J. M. 
Hollywood, "Color Television, Part I," l'roc. IRE, 30, 4 (April 1942). For use of 
the color triangle in color mixture, see Frank J. Bingley, "The Application of 
Projective Geometry to the Theory of Color Mixture." Proc. IRE, 36, 6 (June 
1948). 

7 The reader is referred to Life, July 3, 1944 for an excellent reproduction in 
color, within the limitations imposed by printers' inks, of the color triangle. The 
same article shows representations in color of several of the statements made in 
this chapter. 
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18-4. The Color Range of Any Set of Primaries 

Although it is true that any possible color may be represented by 
a point within the color triangle, it is not necessarily true that any 
color may be reproduced by a mixture of any three positive primaries. 

The construction of the color 
triangle is such that the only 
colors which may be produced 
by a given set of positive pri-
maries lie within a triangle 
formed by connecting the three 
primaries by straight lines. 
Thus, in Fig. 18-5, P1, P2, and 
P3 with positive coefficients may 
produce only those colors which 
lie in the shaded area. It is 
clear, then, that for "full-color" 
reproduction the three primaries 
should be chosen so that their 
triangular area of color repro-
duction is as large as possible. 

It is interesting to note that 
before 1940 Baird had demon-

strated a color-television system which employed only two primaries 
for color reproduction, orange and blue-green.8 That the color-repro-
ducing capabilities of such a system are limited may be seen directly 
from the color triangle of Fig. 18-5. Since but two primaries are 
involved, the reproduction triangle collapses into a straight line, 
and the only colors that may be reproduced are those which have 

hue and chroma lying along that line, shown in the figure. It is 
at once apparent that color reproduction by two primaries is ex-
tremely limited and it has not, been considered as a transmission 
standard for television use in the United States. 

Fig. 18-5. The gamut of colors that 
may be reproduced by the three arbi-
t rary primaries PI, P2, and P3 lies within 
the triangle (shaded) whose apexes are 
Pi, P2, and P3. 

18-5. Analysis and Synthesis 

The very possibility of a color television system results from the 
fact that eq. (18-1) works both ways, that is, a color may be an-

8 Statement of Peter C. Goldmark, Columbia Broadcasting System, Inc. before 
the Federal Communications Commission U.H.F. color television hearing, Jan-
uary 1947, Docket No. 7896. 
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alyzed into three positive primaries and, conversely, the three posi-
tive primaries may be mixed in some fashion to reproduce the original 
color. It is this fact which is the sine qua non of any color television 
system. The system itself is inherently color-blind, being capable 
only of interpreting colors as levels along a monochrome scale. By 
virtue of eq. (18-1). however, the colors in the original object may be 
analyzed into three primary components, each of which may then 
be handled as a monochrome channel in the television system. At 
the reproducing end two basic functions must be performed. First, 
the output of each monochrome channel must be converted back 
into corresponding values of the correct primary hue and second, 
the three resulting primary images must be merged together in some 
satisfactory manner so that they are added together to synthesize 
the colors in the original object. 

This broad principle for transmitting images in color is illustrated 
in Fig. 18-6. At the pickup end the light reflected from the televised 

COLOR MONOCHROME COLOR 
ANALYZER TV SYSTEMS SYNTHESIZER 
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Fig. 18-6. The basic simultaneous color-television system. Re-
flected light from the object is analyzed into its three primary coeffi-
cients. Each primary signal is transmitted to the receiver by a 
separate monochrome television channel. The primary outputs are 
then mixed to synthesize the color of the original object. 

object is sent through a color analyzer such that each camera tube 
sees only one primary color. Thus, for example, the upper channel 
develops a voltage proportional to /1(X1, 1), the coefficient of its pri-
mary P1. The other two channels behave in a similar manner, so 
that each one carries a black-and-white signal whose amplitude is 
proportional to the coefficient of its primary in the image at any 
instant. In effect, then, the color image is transmitted to the re-
ceiver as three independent signals, each of which tells the strength 
of one of the primary colors into which the image has been analyzed. 
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At the receiving end a black-and-white image is reproduced on each 
cathode-ray tube. The color synthesizer converts each black-and-
white image into its proper primary hue, and the three primary 
images are then combined to synthesize the color of the original 
object. The exact means of analyzing and synthesizing are discussed 
in subsequent sections. It will also be shown that three independent 
monochrome channels need not be used. 

18-6. The Color Filter 

It is apparent from the last section that a color filter of some 
form is necessary in the analyzing process in order to break up the 
original image into its three primary components. A filter is also 
required at the reproducing end to convert the shades of gray which 
appear on the cathode-ray tubes into corresponding values of the 
proper primary hue. Such a filter consists of a dye or pigment 
supported on a gelatin, acetate, or glass film and exhibits a band-pass 
response characteristic. The response of a typical filter of the 
Wratten series is illustrated in Fig. 18-7. It may be seen from the 
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Fig. 18-7. Relative response of a color filter (Wratten 47-A). 

response curve that the particular filter illustrated excludes all wave-
lengths except those in the vicinity of 0.44 microns, which is at the 
blue-violet end of the visible spectrum. Thus, if white light, which 
consists of all spectral colors, is shined on the filter, only blue-violet 
light will be transmitted and all colors corresponding to wavelengths 
outside of the pass band will be excluded. Hence the color analyzer 

9 Data for the curve are from C. D. Hodgman (Ed.), Handbook of Chemistry and 
Physirs, 22nd ed., Chemical Rubber Publishing Co., 1936, p. 1692. 
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in Fig. 18-6 may consist of three color filters, each of which passes 
one of the primary colors P1, P2, and 1'3. 
At the risk of oversimplification we may assume for all practical 

purposes that white light consists of a mixture of the three primaries, 
red, blue, and green. Thus when white light shines on the blue filter, 
the red and green components are "subtracted" from the trans-
mitted light which consists of the blue component alone. Following 
this line of reasoning we may describe the action of the three primary 
filters in equation form. 

B = W — (R ± G) (R ± G) = Y (yellow) (18-5) 

G = W — (R B) (R B) = M (magenta) (18-6) 

R = W — (B G) (B G) = C (cyan) (18-7) 

It may be seen from these equations that the combinations blue and 
yellow, green and magenta, and red and cyan each add to give 
white. These combinations are defined as complementary colors. 

It should be stressed that the last three equations give a highly 
simplified picture of the action which takes place at a color filter, 
but it is sufficient for our purposes. A more rigorous approach would 
involve the use of the filter response curve such as that shown in 
Fig. 18-7 in conjunction with a curve of intensity v. wavelength of 
the incident radiation. The light output from the filter would then 
be given by the product of two curves. This procedure is analogous 
to that used in electrical circuits. The output of a network is given 
by the product of the input signal times the response of the network 
itself. 

Still another form of color filter is available, the dichroic mirror." 
In contrast to the last mentioned filter type, which relies on the color-
absorbing properties of a dye or pigment, the dichroic mirror exhibits 
a filtering action resulting from interference phenomena. Mirrors 
of this type are coated with very thin layers of materials having dif-
ferent indexes of refraction and exhibit the property of reflecting 
one color of the incident light and transmitting all the other colors 
present. Thus the filtering action occurs in the reflected light rather 
than in the transmitted light as is the case with the more familiar 
filter. Suitable techniques have been developed so that mirrors 
which reflect any one of the three primaries, red, blue, or green, 
may be manufactured. 

1" G. L. Dimmick, A New Dichroic Reflector, J.S.M.P.E. 38 (January 1934). 
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The advantage of the dichroic mirror over the conventional filter 
as applied to a color television system is that it provides a more 
efficient utilization of the light flux available. This will become 
apparent when we discuss methods of optically splitting the original 
object into its three primary components. 

18-7. Color Synthesis by Addition 

Given the three primary colors, red, blue, and green, we may syn-
thesize other colors lying within their triangle of reproduction by 
mixing or adding them, in which case we have an additive color 
process. In general, the primaries may be added in three different 
ways. First, small dots of the primaries may be interspersed over 
an area so that the eye merges them into a color mixture. This 
method is used in color printing, was utilized extensively by the 
painters of the impressionistic school and forms the basis for the dot-
sequential color television system. Second, beams of light of the 
three primary colors may be merged by some form of lens system. 
This second method of color mixture is implied in Fig. 18-6: The 
three monochrome images which result from a filter in front of each 
cathode-ray tube are merged by an optical lens system so that the 
eye views the three primary images superimposed on a common 
field. As applied to television this scheme requires that three mono-
chrome images be transmitted simultaneously and gives rise to a 

simultaneous color-television system. 
The third system of color addition displays the primary mono-

chrome images in sequence at a high enough rate of speed that 
retentivity of the retina in the eye provides the necessary superposi-
tion of the three colors. In subsequent sections it will be shown 
that this scheme of color reproduction forms the basis of the field-
sequential color television system. 
A combination of the second and third methods of color addition 

is used in the line-sequential color television system. 

18-8. Color Synthesis by Subtraction 

Colors other than the primaries may be synthesized by a sub-
tractive process as well. The general principle is illustrated in 

Fig. 18-8, where the filters are of the complementary primary colors, 
cyan, magenta, and yellow. It may be observed that color repro-
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Fig. 1S-S. Formation of colors from white light by subtractive-
primary filters. 

duction by the subtractive process requires a source of white light 
and the simultaneous superposition of three layers of color filters, 
and further that the density of these layers be variable if the entire 
gamut of colors in the reproduction triangle is to be reproduced. 
While the subtractive color process has enjoyed widespread use in 
color photography where the three filter layers may be deposited 
directly onto the film, its application to the field of television has 
not received as much attention as the additive color-reproducing 
process. 
One color television system which is based on the subtractive 

system of color reproduction at the receiving end has been developed 
by the Skiatron Corporation. The basis of the system is the physical 
phenomenon that certain crystalline structures exhibit a varying 
opacity to transmitted light when they are scanned by electron 
beams of varying electron density. Crystals of this type have been 
dyed in the complementary primary colors mentioned above and 
incorporated in the Skiatron tube." The proposed color-reproduc-
tion equipment employing the Skiatron is shown in diagrammatic 
form in Fig. 18-9. The output of each of the three monochrome 
channels controls the opacity of a dyed crystal screen in a Skiatron. 
Essentially white light from a carbon arc is focused so that it passes 
in series through the three tubes which behave like variable-density 
color filters. Since each filter subtracts one primary color in some 
degree from the white light, the final image which is viewed on a 
projection screen appears in color. 
The chief advantage of the system is its theoretically high bright-

" see section 14-17; also U. S. Patent No. 2,330,172. 
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Fig. 18-9. The Skiatron subtractive color-te evision system. 
Three simultaneous signals are required to synthesi7e colors properly 
by the subtractive process. 

ness level since an arc, rather than a cathode-ray-tube phosphor is 
the initial source of light. The primary disadvantage of the system, 
at least at the time of writing, is that the system has not worked 
successfully on anything like a commercial scale. Even if the oper-
ation may be improved so that its commercial use is feasible, two 
additional limitations are present. First, by the very nature of 
subtractive color reproduction all three filter tubes must operate at 
the same time; hence a simultaneous system of transmitting the three 
monochrome signals is mandatory and no opportunity is available 
for utilizing a time-sharing scheme between the three primary-color 
signals. The second limitation, which may be reduced with care, 
is that the resolution is limited by the degree of register that may 
be obtained between the scanned images in the three tubes. That 
is, the final resolution depends upon how well the tubes are lined up 
optically and how well their scanning patterns coincide. In fairness 
it must be stated that this second limitation is not peculiar to the 
Skiatron subtractive color reproducing system; it is present in any 
system which requires the merging of primary hue images from dif-
ferent sources. 
At present it seems that the application of the subtractive color 

process is limited in television, and most of the development work 
has been toward systems based on the additive color principle. 
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COLOR TELEVISION SYSTEMS 

The last few sections show that design trends for color television 
systems are toward the use of color synthesis by the addition of three 
primary colors. The principle behind these systems is that the 
televised image is analyzed by filters into three images, one for each 
of the primary colors, and that these three monochrome images are 
delivered to the receiving end where they are combined again to 
reproduce the original gradations of color. It has been pointed out 
that the combination of the monochrome images may be accom-
plished in two ways. First, the three separate images, which appear 
simultaneously, may be superimposed by an optical system, and 
second, the three images may be presented to the eye in such rapid 
sequence that retina retentivity accomplishes the necessary color 
addition. These two schemes have been called, respectively, the 
simultaneous and the sequential systems of color television. In the 
next sections we shall consider some of the basic forms of a color 
television system. 

18-9. Basic Color Analyzing Systems 

The most obvious method of breaking up a colored image into its 
three primary components has been illustrated in Fig. 18-6. We 
shall now consider some of the optical details of the method. One 
method of obtaining the three required images is illustrated in Fig. 
18-10a, which shows a typical flying-spot system used for scanning 
color transparencies. Scanning is provided by the CRT shown at the 
left. Essentially white light from the fluorescent screen is passed 
through the color slide, and the resulting colored image is focused 
onto a pair of dichroic mirrors mounted normal to each other. Mir-
ror A reflects only the red components of the image. The green and 
blue components are transmitted through the mirror. 

In a similar manner mirror B reflects the blue components of the 
image to the lower phototube, which then delivers a "blue" signal 
of voltage. Mirror B is capable of transmitting the red and green 
components. Reference to the figure shows, however, that the two 
mirrors are so placed that only the green component is able to pass 
through to the right-hand phototube, hence it delivers a "green" 
signal of voltage. Thus the two crossed dichroic mirrors break up 
the image into its primary components and each causes a correspond-
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Fig. 18-10. Basic color-analyzing systems. (a) Two crossed 
dichroic mirrors divide the image into its three components. Each 
phototube delivers a voltage proportional to /(X,t) for a single pri-
mary component. A is a red-reflecting mirror; B, blue-reflecting. 
(b) A field-sequential analyzer. A rotating color filter disk causes 
subsequent fields to be shined on the mosaic in the three primary 
components of the image. The output signal is proportional over 
intervals of V to /(X,t) for each of the primaries in succession. 
(e) A line-sequential analyzer. The optical system projects three 
images ont J, t he mosaic, each being passed through a filter. All three 
images a re scanned by a single raster. The output signal is propor-
tional over intervals of H to /(X,!) for each of the primaries in suc-
cession. A detail of two lenses in the optical system is shown at the 
right. 
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ing voltage signal to be produced by a phototube. It is a basic 
characteristic of this color-analyzing system, which has been used 
by R.C.A., that the three primary component images are produced 
at the same time; hence it may be termed a simultaneous or parallel 
color-analyzing process. 
A number of variations of the simultaneous method are possible. 

For example, it need not be restricted to a flying-spot method of 
scanning. Thus, for live pickup, the scanner and slide of Fig. 18-10a 
are replaced by the usual camera lens, and the three phototubes 
replaced by three conventional black-and-white camera tubes such 
as image orthicons. With these substitutions, the optical action 
of the system remains unchanged. Electrically, the single raster 
on the flying-spot scanner is replaced by three rasters, one on each 
of the individual camera tubes. Extreme care must be taken to keep 
the rasters as nearly identical as possible, and to maintain proper 
registry of the three colored images relative to the scanning rasters. 
Another variation of the basic simultaneous color analyzer is 

obtained by replacing the two dichroic mirrors, A and B, in Fig. 
18-10a, by half-silvered mirrors and interposing a color filter sensi-
tive to one primary hue between the mirrors and each of the cor-
responding phototubes. That this arrangement gives a less efficient 
utilization of the incident light flux may be seen from the following 
considerations. The two half-silvered mirrors divide the total flux 
equally between the three phototubes. Thus, only one-third of the 
total flux is directed toward, say, the red phototube. This coupled 
with the relatively low transmission coefficient of the red filter yields 
a low value of illumination on the tube photocathode and a corre-
spondingly low value of output voltage. The same argument also 
holds for the two other channels. 
With the dichroic mirrors, on the other hand, the division of light 

flux takes place on the basis of color. That is, all of the red light 
reaches the upper phototube. Furthermore, the filter transmission-
loss is eliminated because no filter is used. It is for these reasons 
that the dichroic mirrors are superior to the half-silvered mirror and 
filter combination. 
A second basic type of color analyzer samples the primary com-

ponents of a colored image in some predetermined sequence, and 
hence may be termed a sequential color analyzer. One form of the 
sequential analyzer, which is shown in Fig. 18-10b, utilizes a single 
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camera tube, say of the image-orthicon type, in conjunction with a 
filter disk which is rotated by a motor. The heart of this analyzer, 
which forms the basis for the C.B.S. color television system, is the 
rotating filter disk. Shown in the diagram it consists of a circle of 
transparent plastic on which are mounted segments of filters in the 
sequence red, blue, and green. The disk is revolved at such a speed 
and the filter segments are so shaped that each successive field of the 
televised picture is exposed to the camera tube through a different 
filter. Thus, during one field the camera tube sees only the red 
components of the original image, during the second field it sees only 
the blue components, during the third field only the green corn-
ponents. The reasons for switching the filters in synchronism with 
and at the scanning field frequency are discussed under the C.B.S. 
system in a later section. For the moment we need only note that 
the primary components are sampled at field frequency, and we have 
a field-sequential color-analyzing system. In comparison with the 
simultaneous analyzer this system has the advantages of requiring 
only one camera tube and having a less complex optical system. 
Since only one camera tube is required, there is no problem of syn-
chronizing three identical scanning rasters and maintaining proper 
register between three images and their rasters. On the other side 
of the ledger, the field-sequential analyzer requires a motor-driven 
disk or drum—a bulky combination. Furthermore, the motor must 
be synchronized with the electronic scanning system of the tele-
vision channel, and the revolving disk displays some unfortunate 
(in this application) characteristics of gyroscopic action. 

Still another basic form of the sequential type of color analyzer 
is shown at c in Fig. 18-10. In this case a multiple-lens system 
divides the incident light into three identical images side by side 
on the face of the camera tube. The basic layout for two components 
of the lens system is also illustrated in the figure. All of the small 
lenses produce identical images, which by proper adjustment may 
be made to fall side by side. Color analyzing is made to take place 
by interposing a color filter between each of the lenses and the cam-
era tube face. Thus the final result shows three images, each of a 
different color, and all occurring simultaneously at the camera tube. 
The sequential nature of the analyzer is due to the method of elec-
tronic scanning used. The width of the scanning lines is increased 
until the raster covers all three images. Under this condition during 
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each line interval of the raster the output signal is divided equally 
between the red, blue, and green images. As viewed from the 
original image, the filter through which the information is sampled 
changes after each line; hence the system may be termed a line-
sequential color analyzer. As described, this analyzer forms the 
basis of the color system proposed by Color Television, Inc. Its 
advantages are that only a single camera tube is used and no rotating 
filter disk is required. It has the same disadvantage as the simul-
taneous analyzer; it requires excellent optical registration, and fur-
ther, it has poor utilization of the camera tube photocathode surface.i2 

18-10. Basic Color Transmission Systems 

In the last section we studied the basic methods used for analyzing 
a colored image into its three primary components so that three 
corresponding monochrome voltage signals resulted, one for each 
of the primary colors. In the present section we consider the funda-
mental methods of transmitting these three voltage signals from the 
color-analyzing and scanning end to the reproducing end of the over-
all system. The problem here is essentially that discussed in Chap-
ter 1. We have three sources of information. The information 
from all three sources may be transmitted simultaneously over three 
parallel channels, or the three sources may be sampled in a predeter-
mined sequence and these samples delivered to a single communica-
tion channel. Let us see how these methods of transmission may be 
connected with the color analyzing systems which have just been 
described. Several possible combinations are illustrated in Figs. 18-6 
and 18-11. Consider the former, where a simultaneous color an-
alyzer is used. As we have already seen, three electrical signals are 
generated at all times that the system is in operation; hence one 
might conclude that it is only natural to feed each signal into an inde-
pendent channel so that all three are transmitted simultaneously. 
Such a simultaneous-analyzer simultaneous-transmission system was 
used by R.C.A. in 1946. Some mention should be made of the three 
communication channels. If color is to be superimposed on a closed 
system, it is perfectly feasible to employ three separate cables as 

12 Another color analyzer quite similar to that of C.T.I. but which requires an 
intermediat e photographic process has been proposed by Thomascolor, Inc. 
See, for example, John H. Battison, "Color Television Transmission Systems." 
Tele-Terh, 8, 10 (October 1949). 



714 COLOR TELEVISION SYSTEMS I§18-10 

CAMERA 
TUBES IC „SWITCH 

CHANNEL 

BjEll—e-( 

IL e  
FILTERS 

(a) 

COLOR 
DISK Gee 

CHANNEL 

R BG CAMERA 
TUBE CHANNEL 

0 CI »In MI 

FILTERS 

(b) 

(C) 

Fig. 18-11. Basic methods of color transmission. (a) Simultane-
ous analyzer—sequential transmission. (h) Field-sequential ana-
lyzer—sequential transmission. C.B.S. field-sequential system. (e) 
Line-sequential analyzer—sequential transmission. C.T.I. line-
sequential system. 

independent channels. If, on the other hand, an open system is to 
be employed, it is not practicable, as we saw in Chapter 8, to employ 
three separate transmitters; hence it is desirable to superimpose the 
three signals onto a single carrier and yet maintain them in such a 
form that they can be separated at the reproducing end. This may 
be accomplished by applying the techniques of carrier telephone 
operation so that each signal is confined to a predetermined band of 
modulating frequencies. The details for doing this are discussed 
later in the R.C.A. simultaneous-system section. 
While it may seem natural to feed the three outputs of the si-

multaneous analyzer into three separate channels, this is by no 

means necessary. A perfectly reasonable alternative is that shown 
in Fig. 18-11a, where the outputs are sampled by a switching mecha-
nism and these samples are fed to a single communication channel. 
In actual use the mechanical switch shown in the figure is replaced 
by a high-speed electronic switching circuit. This simultaneous-
analyzer sequential-transmission system was considered by C.B.S. 
in 1940 but was rejected in favor of an all-sequential system with a 
color-switching rate equal to the scanning field frequency. It re-
mained for the dot-sequential system of R.C.A. to put the simul-
taneous-analyzer sequential-transmission system to good use. The 

key to that system lies in the high rate of color switching which is 
used, namely 11,400,000 times a second. Thus each sample is over 
a small dot or area, there being some 724 dots to a single scanning 



§18-111 COLOR TELEVISION 715 

line. Further details of the simultaneous-analyzer sequential-trans-
mission system are discussed in the section on the R.C.A. dot-
sequential color television system. 

Continuing the discussion of color-analyzer and channel connec-
tions we have the two remaining practicable combinations that 
are shown at b and c in Fig. 18-11. In each of these cases the out-
put from the camera tube already contains the sampled information 
and only a single communication channel need be provided. Both 
of these systems are of the sequential-analyzer sequential-transmis-
sion type. 

18-11. Basic Color-reproducing Systems 

We have seen in the last section that there are two possible ways 
for the color information to arrive at the reproducing end of the 
color television system. First the signals from the three color 
images may arrive distinct from each other in three parallel channels 
or they may arrive in sequence over a single channel. The general 
problem at the reproducing end of the system, then, is to have each 
signal control a light source of the proper primary hue so that the 
three primary images are reconstituted; then these images must be 
merged or added together to form the final image in full color. 
Where the signals arrive over three parallel channels, these func-

tions are performed quite simply. Each channel may feed a sep-
arate CRT over each of which is placed a filter of the proper hue. 
The three resulting primary images then may be merged by a lens 
system of the type shown in Fig. 18-10c. It should be remembered 
in this connection that the lens system is bilateral in that it will 
form a single image from three separate light sources just as well as 
it will form three separate images from a single light source. Such 
a packaged unit of three CRT's with their associated filters and lens 
systems was developed by R.C.A. under the trade name "Trino-
scope." The chief problem associated with the unit is the main-
tenance of proper registry between the component images. A mis-
alignment in the amount of one line thickness can result in severe 
degradation of picture quality. 
A number of other physical arrangements of the three CRT's may 

be used. For example, consider the direct-viewing arrangement of 
Fig. 18-12a. Here each tube utilizes a phosphor which phosphoresces 
in one of the primary colors. Two dichroic mirrors used in conjunc-
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Fig. 18-12a. 3-CRT production of a color image, using 10-inch 
direct-view tubes. (Courtesy of Radio Corporation of America.) 

tion with these tubes cause the final full-color image to be reflected 
from the silvered mirror at the top of the whole assembly. 

A similar but more compact unit which utilizes small projection 
tubes is illustrated in Fig. 18-12b. Once again, colored phosphors 
are used in conjunction with crossed dichroic mirrors, and a lens is 

used to project a complete magnified color image onto a separate 
viewing screen. While the two systems of Fig. 18-12 provide better 
utilization of light than does the Trinoscope, they share its disad-
vantage of requiring extremely good registration of the separate 
images. 

Consider next how the image-reproducing problem is handled in 
the C.B.S. all-sequential system. Since, as may be seen from Fig. 
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Fig 12b. 3-CRT proiluctimi of a color image, using projection 
tubes. (Courtesy of Radio Corporation of America.) 

18-11b, the color sampling is produced by the rotating color filters, 
it is only necessary to have a similar filter wheel in front of a single 
('HT which receives the sequential signals from the communication 
lumnel. One important advantage is immediately apparent: Only 
a single reproducing tube is required since the filters are rotated. No 
problem of registry is present hut the rotation of the color disks at 
both ends of the system must be in synchronism with each other 
and with the electronic scanning process. 

In reproducing the image delivered by the C.T.I. system of Fig. 
18-11c, again only a single oRT is required. Then, if the wide 
three-image horizontal sweep is used at the receiver, the three com-
ponent images will appear side by side. These with three primary 
filters and the image-merging lens system reconstitute the final full-
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color picture. The need for good registration of the three images 

is at once apparent. 
The remaining problem to be discussed in this section is the man-

ner in which the dot-interlace signal delivered by the system of 
Fig. 18-11a is handled. This is done by having a switching mecha-
nism at the receiver mlich is identical to and operates in synchronism 
with the sending-end switch. The output from this mechanism 
consists of three separate signals, one corresponding to the dot sam-
ples of each primary hue in the original image." Once the three 
channels are separated. they may be fed to a Trinoscope or to either 
of the reproducing assemblies illustrated in Fig. 18-12. 

All of the reproducing systems described thus far in this section 
are bulky, require moving parts, or some sort of filter external to the 
cathode-ray tube. It has long been the goal of the industry to pro-
duce a single cathode-ray tube which would be capable of generating 
all three primary color images and merging them within itself. The 
advantage of such a device in reducing the size and physical com-
plexity of the color television receiver is obvious. One of the earliest 
attempts at building such a tube was made by John L. Baird before 
the war in England. Shown in Fig. 18-13a Baird's Telechrome tube 
utilized three separate electron guns, all of which were directed to-
ward a multiple-colored phosphor. The tube never gave satisfactory 
operation because of the extreme difficulty in making the three guns 
produce identical rasters on the composite phosphor. It can be 
seen from the gun locations that all three require keystone correc-
tion. As a result of the Telechrome tube it was recognized quite 
early in the art that a single-gun three-phosphor tube would be 
required, or at least a multiple-gun tube, the guns being so arranged 
that all three electron beams would be deflected by a single common 
deflecting yoke. This poses a severe problem. How shall each 
phosphor be caused to phosphoresce at the proper time? 
One answer to the problem lies in phosphor separation on a voltage 

basis. One tube, the Chromoscope," which utilized this principle 

" It is important to notice here that even though the switch feeds three par-
allel channels, no single channel carries a continuous signal at all times. Each 
channel carries sample signals of a single primary color, which occur at a rate of 
5,800,000 per second. 

"See, for example, A. Bronwell, "New Viewing Tube for Color TV." Tele-
Tech, 7, 3 ( March 1948). 
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is shown in Fig. 18-13b. Four screens are placed in the tube at the 
viewing end. The first screen, P, is transparent to the electrons and 
maintained at a high positive accelerating potential. The three 
remaining screens are coated, respectively, with red, blue, and green 
phosphors and are manufactured so that a third of the total beam 
electrons goes to each of them. Color selection is provided by apply.-

ni GREEN PHOSPHOR 

II RED PHOSPHOR 

••• BLUE PHOSPHOR 

(b) 

Fig. 18-13. Reproducing tubes that utilize multiple-color phos-
phors. (a) Telechrome tube. (b) The Chromoscope. (Courtesy 
of Tele-Tech.) 

ing a high positive voltage to each screen in sequence. For example, 
during the interval that a "red" signal sample is applied to the gun, 
a high voltage is applied to the red-glowing phosphor screen and a 
red image is reproduced. During the blue sample interval the high 
voltage is applied to the blue-glowing screen and so on. Thus color 
selectivity is voltage-controlled. 
Some registration problem is present in the Chromoscope because 

of parallax since the three color screens do not lie in the same plane. 
Thus in direct-view applications the position of the viewer is critical. 
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Parallax may be eliminated if the tube is used in conjunction with a 

projection system. 
It should be immediately apparent that all three screens do not 

phosphoresce simultaneously; hence the Chromoscope is adaptable 
only to a system which delivers the color signals in sequential form. 
The tube is adaptable to either field or line sequential systems be-
cause the switching of voltage between screens may be handled at a 
high rate electronically. 
Two othc-: three-color tubes which were announced by R.C.A. 

during the F.C.C. color television hearings in 1950'5 are illustrated 
at c and d in the figure. Both tubes, which were developed primarily 
for the dot-sequential color system, eliminate parallax between the 
three primary images by having all three phosphors in a single plane. 
This is accomplished by covering the viewing screen with an orderly 
arrangement of dots of phosphors grouped in threes. Each group 
consists of one red, one green, and one blue phosphor dot, each of 
which is aluminized to increase the screen brightness. The dot size 
is small, there being 117,000 groups of three in the original model, 
or 351,000 dots in all on the 9- by 12-in, active face on a 16-in, metal-
cone tube. Switching from one color dot to another is accomplished 
with the aid of a mask electrode which is perforated with 117,000 
holes, or one hole for each phosphor-dot group. The exact manner 

of color selection is best described for the two tubes separately. 
In the three-gun tube (Fig. 18-13c) each hole in the mask is so 

positioned with respect to its associated three-color dot group that 
it screens each color dot from all but one of the electron guns. That 
is, the angle of approach of the electron beam from each of the guns 

is arranged so that, in passing through a mask aperture, the beam can 
hit only one color dot in the group of three. This holds true over the 
entire tube face. Regardless of what point in the raster is being 
scanned, the beam from the "red gun" can only reach the red phos-
phor dots. The same holds true for the beam from the blue and 
green guns also. Thus, color selection is determined by whatever 
gun is emitting electrons at any given instant. Gun emission is 
controlled by applying keying pulses, which are derived from the 
color switch, in sequence to the cathodes of the three guns. Notice, 

16 See, for example, "RCA's New Direct-view Tri-color Kinescope." Radio 
and Television New.,, 43, 6 (June 1950); or Vin Zeluff, "Tubes at Work." Elec-
tronics, 23, 6 (June 1950). 
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Fig. 18--13 (cont.) (e) R.C.A. three-gun tricolor kinescope. (Cour-
tesy of Radio and Television News.) (d) R.C.A. single-gun tricolor kine-
scope. (Courtesy of Radio and Telerision A (R.N.) 
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then, that color switching does not take place in the video channel 
at all. The sequent ial video information is fed to a control grid 
common to all the guns; switching is accomplished in the cathode 
circuits. The resulting image appears in full color because the 
individual color dots are so small that they effectively merge together 
when observed from normal viewing distance. 

Since the three guns cannot occupy the same physical position, 
some problem arises in making their beams converge properly over 
the entire tube face. This is overcome by changing the voltage on a 
fourth grid in the gun assembly as the beams move over the scanning 
raster. The necessary correcting voltage, or dynamic convergence 
voltage, is derived from the horizontal and vertical sweep systems 
in the receiver. 

Color separation in the single-gun tricolor kinescope is accom-
plished in essentially the same manner as in the three-gun tube, ex-
cept that the position of the single electron beam is rotated by an 
auxiliary deflection yoke so that it appears to originate from three 
different sources at different times. Each of these virtual sources 
corresponds to one gun in the three-gun tube, so that the rotating 
beam in conjunction with the perforated mask and three-dot-group 
phosphor screen yields an image in full color. Details of the auxil-
iary yoke circuit may be identified in Fig. 18-13d. 

Notice again that no switching is used in the video channel which 
contains the dot-sequential color information. The actual switching 
is provided by the magnetic rotating yoke, which ensures that a 
phosphor dot of proper color is selected at any given instant. Driv-
ing currents for the beam-rotating yoke are derived from a color 
synchronizer so that the color dot selection is properly synchronized 
with the video color samples. Dynamic convergence is also applied 
through a small auxiliary focusing coil.'6 We now have described 
the basic elements of several possible types of color-television sys-
tems. It remains to consider the details of some of the complete 
systems which have been proposed for adoption by the Federal 

Communications Commission. 

" At the time of writing only experimental models of the two types of tricolor 
kinescopes have been produced. Indications are that they might well serve as 
t he reproducing unit in the color television system that will finally be standardized 
by the F.C.C. 
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18-12. Bandwidth and Compatibility 

Two basic problems which arise in setting up a color television 
system warrant special attention before we consider the details of 
any particular system. These are concerned with bandwidth and 
compatibility of the color system with the commercial black-and-
white system. A color television system is said to be compatible 
if its signal as radiated can be received by a conventional black-and-
white receiver and viewed as a monochrome image on that receiver 
without modification, save that an It-F converter unit external to the 
receiver may be required. The possibility of the converter is allowed 
because at present, pending an F.C.( '. ruling, it is not known whether 
color transmission will be authorized on the current 12 black-and-
white channels or whether it will be restricted to proposed channels 
in the U.H.F. portion of the spectrum. When one reckons the num-
ber of commercial receivers in use at the present time—which is in 
the millions—the need for a compatible color system is apparent; 
the black-and-white receivers should not be rendered obsolescent 
by the new system of transmission. 

In almost direct opposition to compatibility is the bandwidth 
required in color transmission unless resort is made to special tech-
niques, such as multiplexing or a change in transmission standards. 
The reason for this may be seen from Hartley's law. This law 
states that if the effects of noise be neglected, the quantity of in-
formation which may be transmitted in a bandwidth ,àf in a time 
At is proportional to the product Af àt. It may be seen at once that 
if a color image of geometric resolution equivalent to that of a black-
and-white television image is transmitted, either a greater bandwidth 
or a longer frame interval (time to transmit a single picture) is re-
quired than in the black-and-white system. This follows because 
the color image contains more information than its monochrome 
counterpart. Basically, then, a color system will either have a 
bandwidth greater than 6 me, or scanning standards other than those 
of the black-and-white system will be required. In discussing specific 
color proposals in the remainder of the chapter we shall see how these 
basic limitations can be overcome with the use of multiplexing. 

It will be observed in the work that 1ollows that. the actual mul-
tiplying techniques used are an extension of the sampling concepts 
described sn Chanter 1 and the sectian on ieterlaced scanning. 
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THE R.C.A. SIMULTANEOUS COLOR 
TELEVISION SYSTEM" 

As early as 1939 the R.C.A. Laboratories had experimented with 
a simultaneous color television receiver, but found that technical 
limitations at that time prevented a satisfactory means of recoin-
bining the three color images at the receiver. Subsequent work on a 
sequential system led to use of that form by the National Broadcast-
ing Company in 1941, but rapid advances in tube and circuit design 
during the war years made the earlier simultaneous system feasible, 
and further development work was activated on a simultaneous color 
system which was to satisfy the requirements of compatibility; that 

is the scanning standards of the black-and-white system were to be 
used. In essence, the R.C.A. proposal was a system like that illus-
trated in Fig. 18-6 where the three color images are transmitted in 
parallel. It is reasonably safe to say on the basis of testimony pre-
sented in the F.C.C. color television hearings in 1950 that the simul-
taneous system to be described is obsolete and will not be used in 
practice. It is worthy of study, however, because it illustrates 
several of the basic problems encountered in color transmission, it 
shows how special techniques may be applied to increase bandwidth 
utilization, and it serves as a reference for the other systems to be 
described. Our discussion will consider, first, ways and means of 
transmitting the three color channels, second, the pickup equipment, 
and third, the receiver and viewing equipment. 

18-13. Color-channel Bandwidth 

In analyzing the three primary images which are developed by 
the color-pickup equipment, it was found experimentally that the 
green signal contained sufficient detail and contrast so that it could 
be used to provide an excellent black-and-white picture; hence it 
was decided to make the green standards identical to those of the 
commercial black-and-white system in order that the design criterion 

" "Simultaneous All-Electronic Color Television." Progress Report by the 
RCA Laboratories Division, Princeton, N. J., RCA Review, VII, 4 (December 
1946). R. I). Kell, "An Experimental Simultaneous Color-Television System," 
Part I—Introduction; G. C. Sziklai, R. C. Ballard. and A. C. Schroeder, Part II— 
Pickup Equipment; K. R. Wendt, G. L. Fredendall, and A. C. Schroeder, Part 
III—Radio Frequency and Reproducing Equipment, ¡'roc. IRE, 35, 9 (Septem-
ber 1947). 
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of compatibility be satisfied. It was also found that the acuity of the 
eye in the blue end of the visible spectrum was limited so that a nar-
row bandwidth could be allocated to the blue signal without degrada-
tion of the reproduced color image. The red signal was of equal 
importance to the green in color reproduction so that equal band-
widths were chosen for the red and green signals. Thus to meet 
the requirements of color reproduction, and black-and-white repro-
duction from the green channel, the following transmission standards 
were chosen: 

Rea channel Blue channel Green channel 

525 525 525 
fi, fields per sec 60 60 60 
Interlace 2:1 2:1 2:1 
Video bandwidth, megacycles 4.5 1.3 4.5 

In order to allow reception of the green channel by a black-and-
white receiver the standard R.M.A. synchronizing wave form and 
the F-M sound program were associated with the green video sig-
nals. The bandwidths of the three simultaneous monochrome-pic-
ture signals are illustrated at a in Fig. 18-14. 

18 14. Methods of Transmission 

The pickup equipment developed for televising colored slides 
is of the simultaneous type which has already been described. It 
is apparent at once that the three signals cannot be used as is to 
modulate a single carrier simultaneously. Two methods of super-
imposing the three signals into a modulated wave are illustrated in 
Fig. 18-14. The obvious method is shown at b, where, in effect, 
three separate transmitters are provided, one for each color channel 
and operating at a different carrier frequency from the others and 
whose outputs are combined in a triplexer unit to feed a single trans-
mitting antenna. While such a system is practicable, it would be ex-
pensive, requiring in effect three relatively high-power transmitters. 
A second means of combining the three monochrome signals utilizes 

the previously mentioned carrier principle as shown at c in Fig. 18-14. 
The green video signal remains as is while the two other channels 
are used to amplitude-modulate subcarriers at low power level. One 
sideband of each of these two modulated subcarriers is suppressed 
by a filter and the two remaining sidebands are combined in a mixer 
to give a new combined video signal. The effect of the subcarrier 
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Fig. 18-14. The R.C.A. simultaneous color system. (a) Video 
bandwidths allowed for the three color channels. (b) The signal 
from each color channel modulates a separate R-F carrier, resulting 
in the three-carrier type of transmission. (e) The blue and red 
signals are shifted upwards by 6.25 and 8.25 megacycles, respectively, 
to form a combined video signal 13 megacycles wide, which is used 
to modulate a single IR-F carrier. This gives a subearrier type of 
radiated signal. 

modulation on the red and blue signals is to shift those signals up-
ward in frequency by an amount equal to the subcarrier frequency. 
The resulting combined video signal has the spectrum indicated at d 
in the figure. Notice that the over-all effect is to combine the three 
monochrome signals into a single video modulating signal which 

\1:1 

le. 1.2 
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covers a frequency range from zero to 13 megacycles with a specific 
portion of that spectrum allotted to each primary color. Since these 
are separated in frequency, they may be separated from each other 
in the receiver. Of the two types of modulation just described, the 
latter was chosen because it was based on techniques commonly used 
in carrier telephone and radio work and hence required less develop-
mental work. It also had the additional advantage of allowing the 
use of a simpler receiver than the three-carrier system. The final 
signal which is radiated from the transmitting antenna contains the 
three primary monochrome images, all on a single common R-F 
carrier. 
While our discussion has been confined to the system block diagram 

only, this restriction must be stated about certain of the component 
circuits in the over-all system. Wherever the three color channels 
are mixed or separated—that is, in any modulator, mixer, or detector 
—extreme care must he exercised to ensure that the circuit is linear 
in order that cross-modulation between the colors does not occur. 

1 8-1 5. The Receiver 
The major components of a receiver designed to handle the sub-

carrier type of radiated signal are shown in the block diagram of 
Fig. 18-15. The front end of the receiver is similar to that of the 
black-and-white receiver, except that it is designed to handle an 
unusually broad band of roughly 14.5 megacycles. The same band-
width requirement is imposed on the common I-F amplifier system 
and the linear detector which handles all three signals. The fre-
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Fig. 18-15. Simultaneous color receiver for subearrier type of signal. 
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quency distribution at the output of the detect or is the same as that 
of the combined modulating signal shown at the inset of Fig. 18-14d. 
Since the three color signals occupy different portions of the spectrum, 
they may be separated by the use of passive filters. Two additional 
detectors then serve to separate the red and blue signals from their 
respective subcarriers of 8.25 and 6.25 megacycles. The three final 
signals are amplified and applied one to each of three separate kine-
scopes in the Trinotscope assembly. The supersync signals are sep-
arated from the green video channel by a conventional sync stripper 
and are applied to a common sweep-generating circuit, which feeds 
the three deflection yokes in parallel. 
As previously described the three cathode-ray tubes of the Trino-

scope assembly are arranged physically so that their face-centers 
form the corners of an equilateral triangle and each tube face is 
covered with the appropriate filter so that a monochrome image is 
produced there. Superposition of the three images is accomplished 
by the lens system illustrated in Fig. 18-10e. The axis of each lens 
is displaced from the center of its tube toward the center of the tri-
angle by an amount sufficient to register the three images on a com-
mon projection screen. Color reproduction results from a direct 
addition of the three primary color images on the screen. 
The means by which the color 11-F signals are received by a con-

verter and a black-and-white receiver are easy to understand. The 
converter is designed to tune to the green portion of the R-F signal 
with a 6-megacycle bandwidth. With this pass band properly cen-
tered, the green band plus the aural signals, whose carrier is 4.5 mega-
cycles above the green carrier, are accepted and "beat-down" by the 
local oscillator and mixer to the V.H.F. band. The resulting signal 
from the converter is similar to that from a commercial black-and-
white transmitter and may be applied directly to the antenna termi-
nals of the receiver. The operation of the receiver is unaffected: 
frequency conversion and sound, sync, and picture separation all 
occur in the usual manner and the final image appears in the usual 
black-and-white presentation. 

If one were to appraise the simultaneous color system just de-
scribed, the following chief factors would be evident. Its primary 
advantage is that the radiated signal may be used by a black-and-
white receiver in conjunction with a frequency converter, even though 
only a black-and-white image would be displayed. The chief dis-
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advantage is the three-unit kinescope assembly required at the re-
ceiver, a unit in which exact electrical and mechanical adjustments 
are required to ensure correct register of the three separate primary 
color images. Further, the radiated signal requires a bandwidth 

far iu excess of 6 megacycles. 

18-16. Bandwidth Reduction by the Mixed Highs Technique 

A reduction of roughly 25 per cent in the bandwidth required for 
transmitting the video signals in the simultaneous color system may 
be effected by utilizing the principle of "mixed highs," which is 
based on the experimentally determined fact that satisfactory repro-
duction of the color picture results if the large details of the image 
are reproduced in color and the fine-grain details in shades of gray.'>' 
To accomplish this in the color television system the upper two mega-
cycles of each color channel are filtered out from the channel, and 
these filtered-out "highs" are then added together to form a fourth 
channel of the "mixed highs," which contains the fine detail of the 
image. One possible layout for accomplishing this is illustrated in 
Fig. 18-16. The output from each camera tube is passed through 
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Fig. 1S-16. Block diagram of a transmitter for a simultaneous 
color program that uses the principle of mixed highs. 

IN The same technique is used in color printing, where fine details are printed 
in black. 
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a low-pass filter, having a 2-megacycle cutoff frequency. The re-
sulting "red lows" and "blue lows" are handled in the same manner 
as previously described. The three camera outputs are also com-
bined in an adding circuit and passed through a 2- to 4-megacycle 
band pass filter whose output, the "mixed highs," is then added to 
the supersync and the "green lows." It may be seen from the re-
mainder of the diagram that the spectrum of the radiated signals 
consists of a band for the greens and "mixed highs," one for the "low 
blues," and one for the "low reds." The saving in bandwidth over 
the last system results from reducing the red and blue bands to only 
2 megacycles each. 
At the receiving end an inverse process is required: The "mixed 

highs" are recombined with the "low reds" and "low blues" so that 
each of the CRT's, say in a Trinoscope, reproduces the 0- to 2-mega-
cycle components of one primary color plus the mixed highs. 
The addition of the mixed high principle to the simultaneous 

process does not affect the compatibility of the system. The green 
channel, which includes the highs from all channels, plus the associ-
ated sound program still lies within the standard 6-megacycle band-
width and hence may be received and reproduced as a monochrome 
image by a black-and-white receiver. We shall see that the mixed 
high principle may also be used for bandwidth reduction in other 
color transmission systems. 

THE C.B.S. SEQUENTIAL COLOR 
TELEVISION SYSTEMI" 

The Columbia Broadcasting System entered the field of develop-
ment work in color television in the early part of 1940. At that 
time both concepts of color transmission, sequential and simultane-

ous, had already been demonstrated, the former by Baird in England 
in 1928, and the latter by the Bell Telephone Laboratories in 1929 
(and as we have seen by R.C.A. in the latter part of 1940). A survey 
of the field led to the belief on the part of the C.B.S. staff that the 

19 P. C. Goldmark, .1. N. Dyer, E. R. Piore and J. M. Hollywood, op. rit.; P. C. 
Goldmark, E. R. Piore, J. M. Hollywood, T. H. Chambers, and J. J. Reeves, 
"Color Television," Part II. Proc. IRE, 31, 9 (September 1943); P. C. Gold-
mark and R. Serrell, "Color and Ultra-Iligh Frequency Television." Proceed-
ings of the 1st National Electronic.. Conference, October 1944; P. C. Goldmark, 
J. N. Dyer, E. R. Piore, and J. M. Hollywood, "Color Television." J.A.P., 13, 
11 (November 1942): ststement of P. C. Goldmark, op. rit. 
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sequential system of color transmission was the more feasible, and 
their efforts were directed toward developing a color television system 
of the sequential type of such quality that it would be immediately 
available for commercial telecasting for the general public. It was 
also believed that the high entertainment value of the colored images 
warranted the development of the color system on its own, unham-
pered by any restrictions of the black-and-white system. It was this 
philosonhy that resulted in the system proposed for adoption by the 
F.C.C. in 1947. 

The basic form of this sequential color television system is illus-
trated in Fig. 18-17. A single pickup, communication channel, and 
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Fig. 18-17. The basic field-sequential color system. The color 
filters are located on rotating disks placed in front of the camera tube 
and the CRT. 

reproducing system, all of the field-sequential type, are used. Color 
perception is added to the system by a rotating color disk at each 
end of the system. These two disks are divided into segments 
which are covered in a sequence of red, blue, and green color filters 
and are rotated in synchronism. Thus at the camera end, the cam-
era views the televised object in a series of primary color images, 
that is, the camera sees first a red image, then a blue image, then a 
green image, and so on. These color samples of the object occur 
in sequence and so may be applied to the single, common communica-
tion channel. At the receiving end, the cathode-ray tube screen is 
viewed through a similar set of filters so that the eye sees the red, 
blue, and green image components in such rapid sequence that the 

three primaries are added by retina retentivity to give the impres-
sion of the image in full color. 

The sequential color system in essence, then, is a black-and-white 
television system to which are added two rotating filter disk-. \vhich 
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serve as color analyzer and synthesizer. Since the two disks must 
rotate in synchronism and in phase, some form of color synchronizing 
signals must be provided. In the paragraphs which follow we shall 
consider the standards used in the sequential system and means of 
superimposing the color sync signals on the composite video signal. 

18-17. The Color-switching Interval 
The first problem to be decided in any sequential color system 

is the color-switching interval or portion of the scanned image which 
is scanned under a single primary-color filter. In essence, the ques-
tion whether the filters should be switched after each element, line, 
field, or frame must be answered. In the C.B.S. color system a 
single image is scanned at the camera tube and at the CRT. Fur-
thermore, the conventional 2 to 1 interlaced scan of the black-and-
white system is used in conjunction with rotating color-filter disks. 
Subject to these limitations of the system the question may he 

answered in the following manner. 
If the filters be changed after each element is scanned, no storage 

of charge in the camera tube may be utilized. The reason for this 
may be seen from the following considerations. If there is to be no 
cross-contamination of the primary colors, each element between 
scans must store charge under one filter only. Thus if the filters 
are switched after each element is scanned, no time is allowed for 
charge storage, and after-element switching requires the use of an 
instantaneous type of pickup tube. The advantages of modern 
camera-tube development are literally thrown away, and at best 
only a relatively small output signal will be developed by the cam-
era. Another factor which would result in an even lower signal-to-
noise ratio is the low transmission coefficient of the color filters, 
which acts to reduce the incident flux on the camera tube. For 
these reasons the element-by-element switching of the filters is 

deemed inadvisable. 
If the filters be switched after each horizontal scanning line, 

the storage time is reduced by a factor of 2/n (n = number of scan-
ning lines) as compared to the storage time available when the filters 
are switched after each field. We have already seen that the output 
of a storage tube is proportional to the storage time, thus the signal-

to-noise ratio would be reduced by the same factor. 
If, on the other hand, filter switching occurs after each frame, a 
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very high frame frequency would he required to prevent color-flicker, 
a problem discussed in the next section. A high frame frequency is 
objectionable because it raises the required video bandwidth for any 
given resolution. For these several reasons field-by-field switching 
of the color filters was considered to offer the best compromise. 
Another factor which favors field switching rather than line or ele-
ment switching is that the color filters are rotated mechanically and 
considerable difficulties arise in designing the shape of the filter 
segments on the disk and rotating the disk at a sufficiently high rate 
to produce the required action. 

18-18. Frame and Field Standards 

Once the filter-switching rate is determined, the standards for 
the frame and field frequencies may be established. The scanning 

sequence with the filters changed after each field is illustrated at a 
in Fig. 18-18. It should be observed that six fields are required 

NOMENCLATURE COLOR SCANNING SEQUENCE 

RED BWE rREE1 RED BLUE IGREE1 

1444  
COLOR FIELD INTERVAL 

SEC 

FRAME INTERVAL 
SEC 

COLOR FRAME INTERVAL 
SEC 

COLOR PICTURE INTERVAL 
SEC 

1  
48 

Alb 

24 
 da, 

(D) (a) 
Fig. 1S-18. Color-scanning sequence, intervals, and nomenclature 

for the field-sequential color system. 

to scan the complete image in all three colors, and that any given 
area must be scanned four times to be covered in one color during 
both the odd and even lines. It is this last fact that brings about 
the problem of color flicker, which has been mentioned previously. 
To illustrate this effect, consider that a certain televised object 
contains a large area of a single primary hue, say red. If, then, 
the black-and-white field frequency of 60 fields per second be used, 
that red area in the reproduced image will be illuminated once every 
third field or at a rate of ( 4)(60) = 20 times per second. That area 
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would appear black during the blue and green fields for it contains 
no components of these colors; hence, in the example the flicker rate 
in the red area would be 20 flicks per second, a value which lies below 
the critical flicker frequency. Thus to reduce color flicker, the 
C.B.S. system was based on a higher field frequency of 144 (as 
opposed to 60) fields per second. With a 2 to 1 interlaced scan the 
corresponding frame frequency is 72 frames per second. Since two 
separate scanning processes are involved, one electronic, and one 
mechanical for the color filters, a new set of terminology is required 

as shown in Fig. 18-18b. The color field frequency of 144 per second 
is the highest vertical scanning rate in the raster and is also the rate 
at which the color filters are switched. Two color fields comprise 
one frame of the raster. One color frame interval is the time required 
to scan through three filters, and one color picture interval is the 
time required to scan the entire image in all colors in both fields. 
It may be seen at once that the standards shown in Fig. 18-18b 
mitigate the problems of scanning motion-picture film, which runs 
at 24 frames per second. 

Originally the black-and-white standard of 525 scanning lines 
was carried over into the color system; hence the required video 
bandwidth for the same resolution would be 

72 
f. = 4.5 G-15) = 10.8 megacycles (18-8) 

As a practical matter, the bandwidth was restricted to 10 megacy-
cles with a slight loss in horizontal resolution, which is more than 
compensated for by the presence of color in the final reproduced 

image. 
Later, after the F.C.C.'s decision that transmission must be con-

fined within a 6-megacycle bandwidth, C.B.S. lowered the hori-
zontal scanning frequency to meet this requirement so that the final 

number of lines was reduced to 405. This reduction in the number 
of lines reduces the vertical resolution by 23 per cent, and the hori-

zontal resolution had to be reduced by roughly 45 per cent in order 
to keep the signal within the 6-megacycle limit. 

1 8-19. Color Disk Phasing and Speed Control 

It has been stated that the field-sequential color transmission 
system consists essentially of a black-and-white television channel 
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to which is added two rotating color disks. A brief consideration 
of the problem will show that these disks must be in color-phase 
at all times if the proper colors are to be synthesized at the receiver; 
that is, when the camera tube s covered by a red filter, the cathode-
ray tube at the receiver must also be covered by a red filter and so 
on. This requirement can best be met if the disks at both ends of 
the system have the same number of segments and if they rotate 
at the same speed. Hence we next consider means of driving all 
the color disks in the system at a common speed. 

In the development of the C.B.S. system a number of speed-
control systems have been tried. The obvious solution of using 
synchronous motors locked-in to the power line frequency was re-
jected because frequently receiving sets served by a single transmitter 
operate from different power systems which are not maintained in 
synchronism with each other. A second method which employed 
phonic motors was designed in which synchronism was obtained by 
locking the motor rotation to the vertical field frequency. Still 
another scheme which utilizes induction motors that are braked to 
the correct speed will be described. The basic circuit for the sys-
tem is illustrated in Fig. 18-19. The connection between the color-

V. SWEEP 

/IA/1 

I44' 
Fl LTER 

v, V2 

PHASING 
SWITCH 

144"u 
GEN. 

COLOR 
DISK 

INDUCTION 
MOTOR 

MAGNETIC 
CLUTCH 

+ , 

Fig. 18-19. Basic circuit or eolor-disk synehronizatio I. A con-
trol current derived from the vertical sweep determines the braking 
action of the magnetic clutch. (After Goldmark et al.) 

disk shaft and the drive pulley is through a magnetic clutch. Since 
slip between the two shafts may be controlled by varying the cur-
rent through the clutch, the control circuit serves to generate the 

proper braking current, using the vertical-sweep voltage as a ref-
erence. 

The filter in the plate circuit of VI delivers a 144-cycle sine wave 
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to the grid of V2, which is also fed from the output of a generator 
connected to the color-disk shaft. When the disk is rotating at the 
correct speed, the two voltages applied to V2 will be of the same 
frequency and in phase. The bias on V2 is adjusted so that rectifi-
cation occurs, and pulses of current, whose average value depends 
upon the phase of the two voltages, flow through the brake. Filter-
ing action is obtained with a condenser shunted across the brake 
winding. If for any reason the disk speed changes, the voltages on 
V2 shift in phase, the brake current changes, and speed correction 
is obtained. Still another variation of the system replaces the mag-
netic clutch by a saturable reactor. The output of V2 may then be 
used as the control field for the reactor, whose output determines the 
motor speed by governing the armature current. 

It should be noticed that the control circuit only ensures proper 
speed of the color disk, but color ambiguity may occur. To remedy 
this condition a color phasing switch is wired in series with the brake 
filter condenser. If this switch is opened, the filtering action is 
removed, pulses of current, rather than a d-e current, flow through 
the clutch, and slipping occurs. The switch is left open until the 
phasing is correct. It is then closed and the speed-control circuit 
takes hold. 
The system of disk-phasing just described may be made auto-

matic by increasing the complexity of the over-all system. One 
form of automatic phasing which, in effect, replaces the manually 
operated phasing switch is shown in Fig. 18-20. It is apparent 
that automatic disk-phasing requires that the receiving equipment 
be able to identify some fixed point in the color sequence. To this 
end a color-identifying pulse may be included which appears in the 
supersync wave form just prior to each red field, that is, once every 
third field. The repetition rate of the color-identifying pulses will 
therefore be one-third of the color field frequency or 48 pulses per 
second. Since this pulse is identified with the color sequence, it 
may be used to disable the brake circuit until the color disk is in 
proper color phase. Thus in Fig. 18-20 two color-identifying pulses 
are compared in V4. The first pulse is derived from the supersync 
wave by the tuned filter located between V3 and V4. The second 
48-cycle pulse is generated by a rotating contactor which is keyed 
to the disk shaft and which forms the pulse by keying an E, R, C 
combination in the screen grid circuit of V4. When the two pulses 



1 8-20] 

SUPER- - 
SYNC 

V4 

COLOR TELEVISION 737 

CLIP LEVEL 

— 1111- 1.1kR— 

CONTACTOR ON 
4. COLOR DISK 

SHAFT 
(a) 

-- -CLIP LEVEL 

PULSE FROM SUPERSYNC CONTACTOR GATE 

(b) (c) 

Fig. 18-20. The color disk may be phased automatically to a 
color identifying pulse in the supersync signal. (a) Basic form of the 
automatic color-phasing circuit. (b) Voltage on the plate of 
when the color-identifying pulse and contactor gate are in phase. 
(e) Voltage on the plate of V4 when the pulse and gate are not in 
phase. (After Gold mark et al.) 

are in phase as shown at b in the diagram no signal is applied to 
the brake-disabling circuit. If on the other hand, the color disk 
is out of phase, a pulse appears on the plate of V2 and at the output 
of the clipper Vb. This voltage is integrated and used to cut off V2 
of Fig. 18-19, and the required slipping action is obtained. Once 
the disk has slipped into phase, the condition shown at b obtains 
and normal braking action is maintained. 

18-20. The Supersync Signal 

There is nothing in the color-producing mechanism of the se-
quential color system which modifies the electronic sweep of the 
monochrome television channel, except for the frequencies of the 
horizontal and vertical scan components. Thus we may expect to 
find the same type of supersync signal that is used in commercial 
telecasting practice. We shall consider two modifications which 

may be used in the sequential color supersync wave form; first, 
the equalizing signals before and after the serrated vertical sync 
pulse may be omitted and second, some form of color-identifying 
pulse may be added after every third field. Omission of the equal-

izing pulses is justified on the grounds that the system operates 
perfectly well without them and, as we have seen, the color-identifi-
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cation pulse may be required for automatic phasing of the color 
disk. One general form of the supersync wave form that has been 
proposed by C.B.S. is shown in Fig. 18-21. It may be noticed that 

h-5H 

SERRATED VERTICAL 
SYNC PULSE 

5H 

COLOR IDENTIFYING 
PULSES 

RED FIELD STARTS 

BLUE FIELD STARTS -e 

GREEN FIELD STARTS-. 

RED FIELD STARTS -I. 

Fig. 18-21. Synchronizing wave form that may be used with the 
field-sequential color system. (Adapted from Goldmark et al.) 

the color-identifying pulse is serrated in order that horizontal syn-
chronization may be maintained for the duration of that pulse. 
The groups of color-identifying pulses occur at the end of every 
third field and hence have a repetition rate of 48 times per second. 

1 8-21. Pickup and Receiving Equipment 

The block diagram of the entire sequential color-television chain 
is illustrated in Fig. 18-22. The camera signal is mixed with the 
composite blanking and horizontal sync signals in the first amplifier. 

Since the three color signals are separated in time, each may be 
subject to a separate gain control. To accomplish this, the color 
mixer pulse generator furnishes three gating pulses, each of which 
coincides with one color. These pulses, in turn, gate in the proper 
gain control as each color field appears in sequence. After final 
mixing the composite video signal is fed to the visual transmitter. 
The receiver may be of the intercarrier or Dome type and conven-
tional, except for its color disk-speed and phasing-control circuits. 

Again, if an appraisal of the sequential color system is made, the 
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Fig. 18-22. Block diagram of the complete field-sequential color 
system. 

following points are noted: The chief advantage of the system is 
that it works on live as well as film subjects and gives an excellent 
color picture. Its main disadvantage is that its adoption would 

tend to render obsolete present black-and-white receivers; since it 
is based on a new set of standards, no simple frequency converter 
would permit reception of the color signals for monochrome display 
on an existing black-and-white receiver; in short, it is a system which 
is not compatible with the commercial system already in use. 
During the F.C.C. hearings in 1949 certain observers stated other 

disadvantages of the sequential color system. It was claimed that 
since the system operates on frame and field frequencies which are 
not integrally related to the power supply frequency, special pre-
caution must be taken to minimize power supply hum effects at 
both ends of the system. At the transmitter end this was handled 
by operating all equipment from 144-cycle generators. It was fur-
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ther pointed out that hum in the receiver upsets interlace by causing 
"line crawl,- and that flicker caused by beating of the power supply 
and color sequence frequencies was objectionable. This last men-
tioned flicker can occur at rates as low as 12 per second and hence 
may be discernible at all normal levels of picture brightness. It 

should be stated, however, that not all observers of the demonstra-
tions confirmed these objections about receiver performance. Still 
another serious disadvantage of the system is that it causes a 58% 
reduction in picture resolution as compared to that of the black-and-
white system. This loss of picture information is the result of the 
lowering of the frame and line standards. It should be mentioned, 
however, that dot-interlace techniques, which are described in the 
last portion of the chapter and in the Appendix, have been utilized 
with the C.R.S. system and they raise the resolution to 83 per cent 

of that provided in black-and-white reception. 
Since the C.B.S. sequential color system is not compatible with 

the black-and-white system, some attention has been directed to the 
design of adaptors or converters which will allow the color program 
to be received on a commercial-type monochrome receiver. Two 
separate problems are involved here. First, if the color program 
is to be reproduced in black and white only, a change-over switching 
arrangement is needed to change the horizontal and vertical scanning 

circuits from one set of standards to another. Second, if the program 
is to be reproduced. in full color, the rotating color disk and drive 
motor are required. 

It should be mentioned that the field-sequential color system is 
amenable to an all-electronic method of color reproduction at the 
receiving end of the system. For example, the single CRT and 
filter wheel may be replaced by a Trinoscope assembly or by a dis-
play similar to that of the C.T.I. system in which three images— 
one for each primary—appear in a vertical column on a single CRT. 
These three images may be covered with filters of the proper hue 
and merged by a lens system. While such changes eliminate the 
inherent, objections to the color wheel assembly, they introduce new 
problems of image registration, and in the last mentioned proposal 
introduce some color parallax in the vertical direction. Even more 
important, the reproduction of the color image may also be effected 
with a tricolor kinescope of either of the types which have been 

deseribl.d. 
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THE C.T.I. LINE- SEQUENTIAL 
COLOR SYSTEM 2° 

The third system of color television to be discussed is the line-
sequential type proposed by Color Television, Inc. The basic equip-
ment has been described and is illustrated in Fig. 18-11c. We shall 
confine our description, therefore, primarily to the method by which 
proper color interlace is produced. 

18-22. Color Interlace 

For the sake of complete compatibility, the C.T.I. system is 
based on the black-and-white standards of 525 lines and 60 fields 
per second. It will be remembered from our earlier discussions that 
three images, each corresponding to a single primary component, are 
focused side by side on the photocathode of an image orthicon tube. 
Scanning is arranged so that in one horizontal scan of the electron 
beam the three edge-to-edge images are covered. It should be 
noticed, then, that during one horizontal scan an output is produced 
for three lines in the image. In order to reduce confusion it is 
convenient to reserve the term "scan" for one sweep of the beam 
across the three images, and to use "line" in its usual sense of one 
sweep across a single image. It follows at once that in a 525-line 
picture, only 1(525) = 175 scans are required. If, then, a standard 
supersync signal is used, the horizontal sweep generator in the cam-
era equipment must be sensitive to every third horizontal sync pulse. 
Under this condition the horizontal "scan" frequency is 1(15,750) 
= 5250 "scans" per second. 
The interrelationship between lines and scans may be made clearer 

by reference to Fig. 18-23, which is drawn for a simplified 21-line 
system. The roman numerals refer to scans, and the arabic num-
bers to lines. At the extreme right in the figure the three images 
are superposed to show how interlacing occurs. Zero flyback time 
is assumed in both directions to simplify the drawing. Study of the 
drawing reveals an inherent difficulty in the scanning pattern just 

discussed. Since the total number of lines (21 in the example and 
525 in the actual system) is divisible by three (the number of images 
scanned), no color interlace occurs. That is, each line of elements 

" See, for example, J. H. Battison, op. cit., or "New Directions in Color Tele-
vision." Electronics, 22, 12 (December 1949). 
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Fig. 18-23. The basic scanning pattern for the C.T.I. color sys-
tem. Three side-by-side images are scanned by a single raster at 
mu—third of the standard line frequency. In the actual system smne 
space is allowed between adjacent images in order to leave time for 
horizontal flyback in black-and-white reception. 

in the complete picture is always scanned in the same color. This 
situation is bad, because if a certain region contains only one pri-
mary, that primary would only be produced along every third line, 
resulting in a very coarse reproduction of the image detail in that 
region. In effect two-thirds of the picture information in that 

region is wasted. 
To overcome this difficulty, C.T.I. has employed a system of 

commutation known as "interlaced color shift" that allows each 
line in the complete image to be scanned in all three primary colors." 
Since, as we have seen, the total number of scans and lines is divisible 
by three, such a commutation of colors can only be accomplished by 
upsetting the raster illustrated in Fig. 18-23. 

In the actual system the pattern is upset in such a way that the 
odd lines only are scanned on the first three successive fields, and 
in the next t hree fields only the even lines are scanned. It follows, 
therefore, that six fields are required to scan t he entire picture in 
all three primaries; hence, under the 60-field-per-second standard, 
10 complete color pictures are transmitted each second. Table 18-1 
shows the sequence of scanning and color commutation for the first 
four lines of the six successive fields that are required to scan one 
complete color frame. 22 It will be observed that the usual system 

2' Demonstrated before the F.C.C. on May 17, 1950. 
22 "The Present Status of Color Television." Report of the Advisory Com-

mittee on Color Television to the Committee on Interstate and Foreign Com-
merce, United States Senate. A reprint of this report is published in the Proc. 
IRE, 38, 9 (September 1950). 
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TABLE 18-1 

Field Line Primary Field Line Primary 

1 Green 2 Green 
3 Blue 4 Blue 

1 5 Red 4 6 Red 
7 Green 8 Green 

1 Red 2 Blue 
3 Green 4 Red 

2 5 Blue 5 6 Green 
7 Red 8 Blue 

1 Blue 2 Red 
3 Red 4 Green 

3 5 Green 6 6 Blue 
7 Blue 8 Red 

of interlace between the odd and even lines in successive fields is 
changed, the interlaced color shift being used in its place. 

In practice the color commutation is produced by introducing a 
color-identifying slot in every third horizontal sync pulse during a 
given field interval. During the vertical blanking interval that 
occurs at the end of a field, the position of the slot is displaced one 
or two line intervals as required and remains in the new position 
during the next. field. Still another shift occurs in the next vertical 
blanking interval, and so on. In the camera and color receiver the 
identifying notch activates a control circuit that causes the beam 
position to shift to a particular color image, and the required inter-
laced color shift takes place. More specifically, say that the color 
identifying notch is used to identify the green image. The notch 
is used to synchronize the horizontal scan that will run at one-third 
line frequency. Since the notch position is shifted at the end of each 
field, the scan begins at different points of the vertical sweep during 
successive fields. Thus the scan of the green field begins at different 
heights along the vertical edge of the images, and the proper color 
interlace is obtained. 
A similar arrangement is used in the color receiver. With hori-

zontal synchronization provided by the color-identifying notch, the 
scan runs at one-third normal line frequency and three edge-to-
edge images are displayed on a CRT. Color is synthesized by 
using a filter of different hue over each image, or by utilizing a differ-
ent color phosphor under each image, and by superimposing the 
three resulting primary images optically. 
The chief disadvantages of the C.T.I. system are that it exhibits 

line crawl and interline flicker; it transmits only 10 color pictures 
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per second; and it is sensitive to electrical and optical registration 

problems. 
The principal advantages of the C.T.I. proposal are that it is 

all-electronic, requiring no mechanical switching of color filters, 
and it is completely compatible. Since the conventional black-and-
white receiver has no means of recognizing the color-identifying 
notches, its horizontal sweep circuits are actuated by the conven-
tional 15,750-per-second horizontal sync pulses in the supersync, 
and the image is reproduced in black and white at 525 lines, 60 fields 
per second. 

In concluding the discussion of the C.T.I. system it is interesting 
to point out how that system overcomes the loss of storage time which 
would occur if a mechanically shifted filter such as that used by 
C.B.S., were employed to commutate colors after each line." In 
the present case each color image is confined to a specific region on 
the camera photocathode; hence any section of that photocathode 
may store charge for an entire frame interval less one line interval. 
This is true because the color information is produced simultaneously 
(three edge-to-edge images) but is then sampled, color by color, at 
line frequency by the scanning system. 

THE R.C.A. DOT- SEQUENTIAL 
COLOR SYSTEM-' 

The next color-transmission system to be discussed is that which 
uses the dot-sequential method of color sampling and color reproduc-
tion. Proposed and demonstrated to the Federal Communications 
Commission in 1949 by R.C.A., it is fully compatible, and further 
compresses the entire three-color video signal and its associated 
sound program into a 6-megacycle channel without change in the 
electronic scanning standards of the standard monochrome method 
of transmission. This remarkable fact is achieved by utilizing the 
principle of mixed highs and by combining color-sampling and time-
multiplexing techniques. 

23 See section 18-17. 
24 A Six-megacycle Compatible High-definition Color Television System, an 

exhibit presented to the Federal Communications Commission by the Radio 
Corporation of America. See also, M. S. Kay, "Color Television?" Radio and 
Television News, 42, 6 (December 1949); or J. H. Battison, op. cit. 
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18-23. The Sampling Process 

The basic equipment required at the transmitting end of the dot-
sequential system is shown in Fig. 18-24. It will be observed that 
a simultaneous type of three-camera pickup system is used because 
three independent color channels, one for each of the primary hues, 
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are present. The left-hand part of the diagram uses components 
whose functions we have already discussed. Filters are used for 
separating the low- and high-frequency components of each channel, 
2 megacycles being the boundary frequency in each case, and the 
low-frequency components are sampled at a rate of 11,400,000 times 
per second (each color at 3,800,000 times per second) by a switch 

or electronic sampler. This much about the system we already know. 
We shall now consider the sampling process in greater detail. 
The sampler is keyed by signals from the sampling-pulse generator, 

‘vhich, in turn, is controlled by the master sync generator. This 
method of interlock between the sampler and the source of the syn-
chronizing signals ensures that the color samples are taken at the 
proper intervals in the scanning raster and that proper interlace of 
the color dots is maintained. Since the sampler and its associated 
components yield a compression in bandwidth, let us consider their 
action more closely. 
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Consider what happens to the low (0- t 0 2-megacycle) green com-
ponent. Since this is sampled at a 3.8-megacycle rate, it will appear 
in the output of the sampler as a series of voltage pulses spaced at 
intervals of 1/3.8 megacycle or 2.63 gsec. The height of each pulse 
will be proportional to the amplitude of the green signal being scanned 
at the instant of sampling. Two such samples are shown in Fig. 
18-24a. Since both are of the same height we may assume that 
they represent an area in the complete image which has a constant 

green component. 
It may be shown from Fourier's theorem that these pulses consist 

of a d-c component plus several a-c components of frequencies which 
are multiples of 3.8 megacycles, the basic repetition rate. Thus, 
if the pulses are passed through the 0- to 4-megacycle filter of Fig. 
18-24, only the d-e and fundamental components will pass through; 
hence the filter output (as far as the green component is concerned) 
will consist of a 3.8-megacycle component superimposed on a d-c 
component, a combination which is shown at the right in Fig. 18-25. 
It is important to stress that the amplitudes of the d-c and 3.8-mega-
cycle components are proportional to the amplitudes of the green 

pulses from which they are derived. 
The same description also applies to the red and blue channels. 

In each case the low-pass filter converts the sample pulses into a 

sine wave superimposed on a d-c component, the amplitudes of each 
being proportional to the amplitudes of the pulses which produce 
them. We must notice, however, that the color sample pulses occur 
in a time sequence red, blue, green, and so on and that any two 
adjacent pulses are displaced by 1(2.63), or 0.0877, gsec. This 
time relationship is shown at a, c, and e in Fig. 18-25 for the sample 
pulses, and for the d-c plus sine waves at b, d, and c. Notice partic-
ularly that when any one of the sine waves is at a maximum, the 
two other waves are passing through zero. This property of the 
signals is basic in reconstituting the image in full color at the receiver. 
Our discussion thus far has been on a color-by-color basis when 

actually all three signals are combined in the adder which follows 
the sampler. Since the circuits are linear, we can superimpose all 
three signals; for example, the actual sampler output consists of the 

samples from all three channels as shown in Fig. 18-25g, and since 
the sum of three sine waves of the same frequency is also a sine wave 
of the same frequency, the output of the 0- to 4-megacycle filter 
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Fig. 18-25. Color sample pulsI, and t he sine plus d-e waves that 
result after filtering. Notice that when any one component is at a 
maximum the two other components are zero. (Courtesy of Radio 
Corporation of America.) 

consists of a single 3.8-megacycle sine wave superimposed on the 
sum of the three d-c components previously mentioned. This com-
posite signal which contains information from all three color channels 
is shown at h. Observe that the original color samples may he 
recovered from this composite wave if it, in turn, is sampled at the 
intervals labeled 1 through 5 in the diagram. 

Let us now move backward toward the scanning system to see 
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where the color samples occur in the raster. The actual spatial 
relationship is shown in Fig. 18-26. Notice that the primary dots 
(in space the dots correspond to the samples in time) occur in an 
orderly pattern, red, blue, green, along each line of the raster. Fur-
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Fig. 18-26. Dot positions in the ›canning raster on consecutive 
fields and frames. Any given dot-element is always scanned or 
reproduced in the same primary hue. (Courtesy of Radio Corpora-
tion of America.) 

thermore adjacent dots are not contiguous, but there are holes or 
blank spaces between them, and in adjacent lines the positions of 
dots and holes are interchanged. This may be seen from the upper 
diagram in Fig. 18-26, which shows a portion of the raster after the 
first two fields have been scanned. Thus, in one frame only one-
half of the entire area has been sampled; no samples have been taken 
corresponding to the holes. This is important. Only one-half of 
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the picture detail is sampled in one frame interval, even though the 
entire picture area has been scanned." 
The remaining half of the detail in the picture is sampled in the 

next two fields as may be seen from the lower portion of the figure. 
The positions of the dots and blanks of fields 1 and 2 have inter-
changed in fields 3 and 4. We may now summarize the discussion 
to show how the sampling and multiplexing processes yield a reduc-
tion in bandwidth, so that all three colors may be transmitted in the 
4-megacycle video bandwidth of the black-and-white system without 
loss of detail: the use of dots and blanks means that all the detail 
along a line is replaced by the detail in the dot spaces; thus main-
taining the same bandwidth, only one-half the amount of detail is 
sent in one frame interval. Four, rather than two, fields are re-
quired to send the detail in the entire picture; yet the final picture 
contains all the detail. 

Careful inspection of Fig. 18-26 shows that any one dot area is 
sampled for only one primary hue; hence we cannot say that every 
picture element is sampled for its three primary components as it is 
in the field-sequential system. It may be argued on the other hand 
that the space occupied by three color dots is so small that satis-
factory color analysis is obtained. 

18-24. The Receiver 

The block diagram of a receiver for the R.C.A. dot-sequential color 
signal is shown in Fig. 18-27. The composite video signal which is 
fed to the sampler has the form shown in Fig. 18-25h. Then since 
the sampler is timed to take samples for the green channel at points 1 
and 4, the output fed to the green channel will consist of pulses 
which are proportional to the original green samples at the trans-
mitter. This is true because, as we have seen, at these intervals 
the composite signal amplitude is equal to that of the green pulses; 
the red and blue waves are passing through zero. 

Following through the receiver block diagram we see that the 
green pulses are then filtered to produce a 3.8-megacycle sine wave 

25 Remember that the simultaneous type of camera delivers three channels 
which have all the picture detail. The rejection of one-half the detail results at 
the sampler. Since samples are related to the dots, it is convenient to refer 
everything to the dot positions in the raster. 
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Fig. 18-27. Block diagram of the dot-sequential color receiver. 
(Courtesy of Radio Corporation of America.) 

superimposed on d-c (Fig. 18-28b) which are then fed to a CRT. 
The latter is driven below cutoff by negative portions of this wave, 
and hence, if the light-voltage characteristic of the tube is linear, 
a plot of green tube light output v. time is that shown in Fig. 18-27c. 
The dotted curves show the output for the even fields. Notice 
that the reproduced dot is wider than the sample. This spreading 
effect produces better dot interlace. The same description holds 
for the red and blue components. The light v. time curves for all 
three color components are shown at e in Fig. 18-28. 
As far as reproducing assemblies are concerned, either the Trino-

scope or the three-CRT dichroic mirror assemblies of Fig. 18-12 
may be used. Furthermore, either of the tricolor kinescopes may 
be used because any one spot in the raster is always scanned and so 
must always be reproduced in a single color. It should be apparent 
that the position of the raster relative to the three-color dot groups 

must be maintained accurately. Otherwise, if a red dot in the orig-
inal image is reproduced by a green or blue dot in the kinescope 
because of raster misalignment, an interchange of color primaries 
will result and cause improper color reproduction in the final image. 

In the foregoing discussion we have neglected the effects of the 
mixed-high signal components in the interests of simplicity. Actu-
ally their effect on the wave forms is extremely difficult to show. 
They are added to the sine wave primary components and, at the 
receiver, are reproduced along with the d-c and 3.8-megacycle pri-
mary component in each channel. Our discussion has also been 
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Fig. 18-28. The sampling and reproduction of primary compo-
nents at the receiver. Dashed and solid lines indicate even and odd 
fields. (a) The composite signals and resulting color samples. 
(b) 3.8-megacycle plus d-c waves are derived from the sample pulses 
by filtering. (c) Light output of the green component along a line. 
(d) Light output of all three components along a line. (e) Light out-
put of all three components along a line, for odd and even fields. 
(Courtesy of Radio Corporation of America.) 
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simplified in that we have assumed that 1 he entire picture area is 

of a constant color. Figure 18-29 illustrates what happens when 
the picture consists of several different polychrotne areas. In this 
case, an add it ional complication is introduced because t he composite 
or transmit ted video signal ami its primary components are no longer 
sinusoidal, but may have shapes such as those shown in the diagram. 
The basic act ion in the system remains unchanged, however, because 
when any one eomponent is at a peak, the two other components 
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t('sy of Radio ('orporat 11111 of America.) 
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are zero; hence sampling at the proper intervals still produces pulses 
of the proper amplitude for each primary. Even though each com-
ponent wave no longer has a sinusoidal shape, the frequency of the 
fundamental components, being determined by the sampling rate, 
remains at 3.8 megacycles. 

18-25. Compatibility 

Let us now check the compatibility of the dot-interlace color 
system. We may do this by considering what effect the composite 
signal of Fig. 18-25h has in a conventional black-and-white receiver. 
This wave, in conjunction with the mixed-high signal, contains all 
the detail required for the picture plus an additional 3.8-megacycle 
component, which is the result of the sampling process. The con-
ventional receiver has no sampler or low-pass smoothing filters; 
hence all the detail is reproduced in monochrome on the CRT. 
Normally the amplitude of the 3.8-megacycle sine wave is too small 
to cause any trouble. Its amplitude is a function of the color value 
in the original image, however; hence in high-value regions of the 
image it will appear as a series of monochrome dots. It is claimed 
that these cannot be resolved at normal viewing distances and hence 
are not objectionable. As a matter of fact, in a white region of the 
picture, where the presence of dots would be most discernible, they 
are not present at all. This is true because all three primary com-
ponents are equal in a white region; hence only a d-c and no 3.8-mega-
cycle component is present. 

Actually the compatibility of the R.C.A. system goes one step 
further: the dot-interlace color receiver is able to handle and repro-
duce a standard monochrome signal. Since the incoming signal 
contains all the picture detail, it is reconstituted completely, one-
third of the detail being furnished by each of the three CRT's in 
the reproducing assembly. 
Some observers of demonstrations of the dot-interlace color sys-

tem have claimed that the dots in the reproduced image may not 
blend properly at normal viewing distances, particularly where a 
large area of a single primary, such as blue, is being reproduced. 
In such a region only one-third of the elements are active, the red 
and green components being zero. Further trouble might result 
from the beat note between the 7.6-megacycle component, resulting 
from sampling a single color, and a 4.5-megacycle component which 
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may be present because of a beat bet‘veen the sound and picture 
carriers. It may be assumed that claims of misalignment problems 
in any of the three-CRT reproducing systems are eliminated by use 
of the tricolor kinescope. 

THE C.T.I. SEGMENTAL- SEQUENTIAL 
SYSTEM' 

Thus far we have considered a simultaneous color system in which 
all three primaries are transmitted at the same time, and three sys-
tems that sample the primary information at different rates: at field 
frequency, at line frequency, and at a high multiple of line frequency. 
In the latter two systems the high color-switching rate required the 
use of three optical images that had to be maintained in proper reg-
ister to a high degree of accuracy. Still another system has been 
devised, utilizing a single optical image and employing a sampling 
rate lying between those of the line- and dot-sequential systems. 
This segmental-sequential system, which samples segments of a line 
in the different primary colors, was described to the F.C.C. by Color 
Television, Inc., in August 1950, when it petitioned for a reopening 
of the hearings on color television. In very broad terms this pro-
posal may be compared to the dot-sequential system in that color is 

sampled several times along a single scanning line; but the sampling 
rate is lower and is accomplished by an auxiliary optical system at 
the camera tube, rather than electronically. The chief advantages 
claimed for the system are ( 1) it eliminates the problem of registering 
three optical images, (2) it permits the use of a color receiver of rela-
tively simple design, and (3) it is fully compatible. This segmental-
sequential system will now be described. 

1 9-26. Principle of Operation 
As a starting point in considering the operation of the segmental-

sequential system, let us assume that an optical image of the televised 
scene is focused onto the photocathode of an image orthicon tube 
through a color filter that consists of narrow vertical strips of the 
three primary colors, red, blue, and green. In the proposed system 
the switching from color to color is carried out at a rate equal to the 
192nd harmonic of the line-scanning frequency of 15,750 per second. 
Thus, since an active line has a duration of approximately 53.5 msec, 
the number of filter strips required in the filter is 

'The material used on the segmental-sequential color system is used with 
permission of Colos Television, lue. 
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192 (53.5 a—.5) 162 

Reference to Fig. 18-30 will show how this filter strip, in conjunc-
tion with the scanning system, operates to give a segmental-sequen-
tial output signal from the camera tube. The assumed scene corre-
sponding to some particular line in the image is shown at a. It should 
be noticed that the transitions between regions of different color are 
chosen to fall in different positions relative to the filter-strip loca-
tions in order to illustrate a number of different conditions. Con-
sider what happens in the second region corresponding to white. 
Since white consists of the three primaries, all three filter segments 
in that region allow the photocathode to be illuminated, and an out-
put signal is developed over the entire region. 
By way of contrast consider what happens in the fourth region cor-

responding to blue. Here only those portions of the photocathode 
covered by a blue filter strip are illuminated, and those covered by 
red or green strips remain dark; hence an output signal is developed 
only during the duration of each blue strip. A similar situation 
holds for the remaining regions, and it may be seen that the entire 
line is broken up into a number of color segments, each corresponding 
to a single primary color. 

It should immediately be apparent that, unless the position of the 
vertical filter strips is changed relative to the scene information be-
fore the next scan of the same line in field III, each segment will 
always be sampled in the same color. To eliminate this condition 
that would, for example, reproduce the white of region 2 as three 
adjacent segments of blue, green, and red, the filter is displaced lat-
erally one segment- or strip-width before the line is scanned in field 
III. The resulting filter-strip location and output signal are shown 
at c. Still another filter shift occurs before the line is scanned in field 
V, with the result shown at d. By an extension of this discussion it 
may be seen that the entire picture is scanned in segments of all three 
primaries in three frame intervals, thus complete color pictures are 
transmitted at the rate of 10 per second. 

It may be surmised from the foregoing discussion that successful 
operation of the system so that every line segment is scanned in all 
three colors depends upon some satisfactory means of effectively 
shifting the color filter strips laterally between scans of any line in 
successive fields. This is accomplished by reproducing the strips on 
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a loop of color motion picture film, such as Kodachrome, which is 
rotated in front of the camera tube by a selsyn running at proper 

speed. 
Another problem arises from the use of the strip filter. A means 

must be provided to ensure that a segment of a given color, for exam-
ple red, is being scanned by the camera tube at the same instant that 
red is being reproduced by a receiver under control of the color syn-
chronizing signal. Precise alignment of the scanning over the entire 
raster on the camera photocathode is impractical because of field 
distortions and irreducible instabilities and nonlinearity of the scan-
ning process; hence a means must be provided for a continuous ad-
justment of the scan relative to the filter. To this end a special 
tracking grid is located beside the color filter on the loop of Koda-
chrome film. This grid consists of color strips arranged in a special 
sequence, its image being focused onto the filter by an auxiliary lens 
system. This supplementary image provides a signal component in 
the video circuit of the camera, which component is used to compen-
sate for beam-position deviations through a control circuit. The 
tracking signal is removed from the video signal to be transmitted. 

As the film loop rotates, the tracking and filter sections move together 
to shift the segment positions in successive fields. 

1 8-27. Color Synchronization 

Reproduction of the color image at the receiver in the segmental-
sequential system is based on the use of a tricolor kinescope of either 
type described in Section 18-11. As a consequence, some ferrn of 
color synchronizing signal must be transmitted along with the com-
posite video signal so that proper gating of the kinescope guns may 
be accomplished. Since C.T.I. has designed the system to be fully 
compatible, it was decided that no changes were to be made in the 
standard monochrome supersync signal; hence some new means for 
sending the color synchronizing information had to be devised. The 
final method used may be understood from a more careful consider-
ation of the camera output pulses that are shown in Fig. 18-30. As 
has been stated previously, the individual color segments are scanned 
at the 192nd harmonic of the line frequency. Thus, if we assume the 
output pulse from a segment to be square, it will have a width (5 given 

by 
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1  1  
— 

192(15,750) — 3.024 esee 

Since the filter strips always occur in groups of three, the maximum 
repetition rate of the output pulses of any one primary color will be 
()(3.024) = 1.008 mc, which corresponds to a period T of 

1 
T = gsee 

1.008 

It may he seen, then, that the output for any one primary color may 
consist of a train of square pulses of width equal to one-third of the 
period T. Reference to Section 11-17 will show that when such a 
pulse train is analyzed into its Fourier components the following 
harmonies will be present: first, second, fourth, fifth, seventh . 
but all the integral multiples of the third harmonic such as the third 
and the sixth will be absent. Furthermore, since the bandwidth of 
the system cuts off just above 4 me, all components above the fourth 
harmonic will be eliminated. Thus the only cdmponents delivered 
to the communication channel will be 1.008, 2.016, and 4.032 me. 
This bandwidth restriction accounts for the rounding of the pulse 
edges shown in the diagram. Notice also that the third harmonic of 
the color-scanning frequency is completely eliminated. As a result 
of this fact a color synchronizing signal of 3.024 me may be intro-
duced into the composite video signal. To ensure . that this color 
sync signal will not interfere with the picture, it is introduced in 
opposite phase in successive scans of any line so that it cancels out 
in the reproduced image. 
The 3.024-mc color-phasing wave rides on top of the vertical sync 

pulses and on alternate equalizing pulses in the supersync. In addi-
tion, bursts of a 1.008-me component are transmitted during the last 
two or three lines of the vertical blanking interval to provide color 
phasing. The use of these waves in the color receiver is described 
in the next section. 

It may be seen from the foregoing discussion that the color scan-
ning rates are integrally related to the line-scanning frequency. 
Consequently, rigid lock-in with the sync signal generator is required 
and this lock-in may be accomplished by methods which we have dis-
cussed earlier. In the color sync generator a reactance-tube-con-
trolled master oscillator is run at 378 ke, the 24th harmonic of the line 
frequoncy. This is stepped down by a 12 to 1 divider to 31.5 ke, 
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which may be recognized to be the master frequency of a standard 
sync generator. A 60-cycle component is derived from this by fre-
quency dividers and is compared to power-line frequency. The re-
sulting error signal is used to correct the master oscillator. The 
color sync signal of 3.024 mc is derived from another master oscillator 
under control of a reactance tube. Its frequency is corrected by 
deriving a 378-kc component from an 8 to 1 divider, which is compared 
with the first master oscillator output to develop an error signal, 
which in turn feeds the reactance tube. By this means, scanning 
and color sync frequencies are all maintained properly. The 3.024-
me frequency is also stepped down through a 3 to 1 counter to give 
the required 1.008-mc component. The required field-to-field phase 
shift of the color sync signal is obtained by tapping the wave from 
different sections of a delay line. 

18-28. The Color Receiver 

Once it has been established that the color image is to be repro-
duced on a tricolor kinescope of, say, the three-gun type, the opera-
tion of the receiver of the segmental-sequential system is easy to un-
derstand in general terms. As described in Section 18-11 the video 
signal is fed to a control grid common to all three guns in the kine-
scope. Separation of colors is accomplished by applying gating sig-
nals, in this case of ( 1/3.024) µsec duration, to each of the cathodes 
in sequence; hence a gating pulse generator is required. In the pro-
posed system this may be a relaxation oscillator, either a multivibra-
tor or blocking oscillator, whose output is fed directly to one of the 
cathodes, and to a two-section delay line that gives a ( 1/3.024) µsec 
delay per section. The output of each section feeds one of the other 
guns in the kinescope. By this simple means the guns are gated in 
proper sequence and for the proper intervals. 

Since the gating must be phased properly with respect to the video 
signals, the frequency and phase of the relaxation oscillator are con-
trolled from the 3.024-mc wave that is transmitted on top of the ver-
tical sync pulses. The manner in which this control is effected will 
now be described. The sync component is derived from the compos-
ite video signal by a narrow band-pass filter. In order to render 
the control system immune to the field-to-field changes in sense of 
this wave that has been mentioned previously, the filtered color sync 
wave is fed through a frequency doubler. In the interests of simple 
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design and low cost this may take the form of an unfiltered full-wave 
rectifier using crystal diodes. The output double-frequency wave is 
then fed to a discriminator whose d-c output is used to control the 
exact frequency of the relaxation oscillator. 
With only these components over and above those of a black-and-

white receiver, the image may be reproduced in full color. Manual 
phasing of the color is required, unless an additional narrow band-
pass filter peaked at 1.008 mc plus an injection circuit to control the 
initial phase of the relaxation oscillator are added. It may be in-
ferred from this description that the cost differential between a seg-
mental-sequential color receiver and its conventional monochrome 
counterpart will be quite low. 
The manner in which the several color samples are added in the 

tricolor kinescope may be seen at f through i in Fig. 18-30. It will 
be observed that certain of the added signals exhibit a small amount 
of overshoot just after the leading edge. It is claimed that this tran-
sient is no larger than those frequently encountered in the commer-
cial black-and-white system. The rounding of the leading edges is 
due to the approximately 4-mc bandwidth of the transmission 
system. 

18-29. Compatibility 

Since all scanning frequencies and the sttpersync wave form of the 
segemental-sequential system are identical to those of the commercial 
monochrome system, a conventional receiver can handle the incom-
ing signals and will reproduce them in shades of gray. The manner 
in which the color samples add in this case is shown at e in Fig. 
18-30. Since the receiver has no way of recognizing the color sync 
and phasing pulses, they have little or no effect on the operation of 
the receiver. 
Inasmuch as the proposed segmental-sequential color system has 

not been subjected to the extensive tests of the systems that have 
been described previously, it was not possible, at the time of 
writing, to give specific data on its performance. 



APPENDIX 

DOT SYSTEMS OF TELEVISION 
TRANSMISSION' 

In Chapter 1 it was explained that certain limitations imposed 
by an electrical communication channel connecting the two ends of 
a picture transmission system required that the transmitted image 
be scanned and transmitted element by element. This was neces-
sary because the two-dimensional image had to be forced into an 
e(t) form which could be handled by the electrical system. Break-
down of the picture into small elements was accomplished by causing 
some form of aperture to scan over the image. 

In electronic scanning the effective aperture, which is furnished 
by the electron beam at its point of impact in the camera tube, 
moves continuously from element to element at such a high rate of 
speed that the resulting output voltage is a continuous signal. We 
might think of the process in this manner: At any instant, the output 
from the camera tube is a sample of the image at a point as shown in 
Fig. 1-3b, but since the aperture moves continuously, rather than 
in a step-wise manner, the several samples are merged together so 
that a continuous signal is produced. In the present section we 
wish to turn our attention to these time samples again to see if they, 
rather than the continuous signal, may be transmitted as the video 
information. If such a system is feasible, it may be termed a dot 
system of transmission. This notation arises because the amplitude 
of each of the time samples will he proportional to the brightness 
of one picture element or dot. In essence, a dot transmission system 
is one that sends discrete pulse samples of picture information rather 
than a continuous signal of picture information. Our interest in the 
dot transmission concept is due to the saving in bandwidth which 

I W. Boothroyd, "Dot Systems of Color Television," Part I. Electronics, 22, 
12 (December 1949). 

2 E. M. Deloraine, "Pulse Modulation." l'roc. IRE, 37, 6 (June 1949). 
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it may afford or, conversely, in its ability to provide greater picture 
resolution in a given bandwidth. 

A-1. The Sampling Process 

From our previous studies it should be apparent that the output 
voltage from the camera tube is a continuous signal; hence if pulse 
samples are to be transmitted over the electrical system, some form 
of sampling device must be placed between the camera tube and the 
input to the communication channel. Since we are concerned here 
with the principles of operation of the dot system, we need not be 
concerned with the details of the sampler. It is sufficient for our 
purpose to think of it as a simple mechanical, single-pole, single-throw 
switch which is closed and opened successively for definite intervals. 
Each time it is closed, a sample of the camera output will be delivered 
to the remaining portions of the system. 

It is an easy matter to see that each time-sample will correspond 
to a specific picture element or (lot. The electron beam in the camera 
tube still scans over a conventional raster, of either the progressive 
or interlaced form. Then, since the vertical and horizontal velocity 
components of the beam are constant, any instant of time corresponds 
to a particular position of the scanning beam. There is a one-to-one 
correspondence between a time sample of the output signal and a 
dot position in the scanned image. 

In the remaining portion of this section we shall consider two ques-
tions about the sampling process: ( 1) How will the pulse-sample 
reproduced image appear to the eye? (2) What shall be the sampling 
rate? We shall see that the two questions are related to each other. 

In answer to the first question we note that if discrete samples of 
voltage spaced in time are applied to the grid of a CRT the reproduced 
image will consist of an array of shaded dots separated by blank 
spaces, that is, the image will have the general appearance of a half-
tone reproduction of a photograph. For such a picture to appear 
satisfactory, it is only necessary that enough dots be present so that 
the eye cannot resolve them at normal viewing distance. If this 
condition is met, the blank spaces between the dots need not be 
filled in. 

As an illustration, let us assume that the sampling rate is 8 mc. 
Then under commercial standards where the horizontal unblank 
interval is roughly 55 //see the number of elements along a line will he 
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Nh = (8 X 106)(55 X 10-6) = 440 dots/line 

Then, with approximately 500 active lines, the total number of dots 
per picture, or the figure of merit, will he 

M = 500(440) = 220,000 

which may be considered to be a satisfactory value. 
The second question regarding the required sampling rate may be 

answered subjectively from the results which were just stated. A 
sampling rate of 8 me may be used because it yields a satisfactory 
picture. A more precise answer may be found with the help of a 
theorem: If a function f(t) contains no frequencies higher than 
F cps, it is completely determined by giving its ordinates at a series 
of points spaced 1/2F seconds apart.3 This means that if the sampling 
rate is at a frequency 2F, the samples will be able to reconstitute 
any frequency component in the sampled signal up to and including 
F. It follows at once, then, that the 8-mc rate of our previous exam-
ple will allow reproduction of all video components up to 4 mc, the 
top video frequency under commercial standards. We shall, there-

fore, consider the 8-me sampling rate to be satisfactory. 

A-2. Pulse Transmission Bandwidth 

We must now consider the feasibility of sending the sample pulses 
over the communication channel. Actually a considerable problem 
is present here for, as we have previously seen,' an extremely large 
bandwidth is required for pulse transmission. For example if we 
are to transmit all components of the pulses up to the fifth zero, the 
bandwidth must be 5/6, IS being the width of the individual pulses. If 
we continue the previous example and assume (5 to be one-half of the 
sampling period, the required bandwidth will be 

5 
= -6 = 5(2)(8 X 106) = 80 me 

Clearly this is an intolerable situation: A bandwidth of 80 mc is 
required to transmit a video signal whose highest frequency com-
ponent is 4 mc. A mathematical analysis of the sample pulses 
shows, however, that all of the necessary video information may be 

See for example: C. E. Shannon, "Communicatini I in the Presence of Noise." 
Proc. IRE, 37, 1 (January 1949). 

4. See Section 11-17. 
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transmitted over a bandwidth much narrower than our figures 
indicate. Let us carry through this analysis. 
To simplify the mathematics we shall consider the original camera 

output to consist of a single a-c component superimposed on a cl-c 
term, that is 

Mt) = E(1 ni cos co;) (A-1) 

We shall assume further that the sampling switch operates at a fre-
quency fs and is closed an interval ô seconds during each close-open 
cycle. If, then, a d-c voltage of 1 volt is applied to the switch input, 
the output voltage will be a series of pulses of frequency f1 and of 
width S. This voltage may be expanded by Fourier's theorem into 
the form 

e,(1) = áf. (1 E a,, cos nce„I) 
n = 1 

sin /any; 
where a. — (A-2) 

nir 

If, on the other hand, ec(t) is applied to the switch input, and if 6 is 
small compared to the period of e,(t) so that e(t) essentially remains 
constant during the sampling interval, the switch output may be 
expressed as 

e(t) = e(1)e5(t) 

= E 6f. [ 1 ± in cos cot ± 2 E a„ cos nco.I 
I, = 1 

± 2m E a„ cos ncoat cos cot (A-3) 
n = I 

The third term in the brackets may be expanded into a trigonometric 
identity and the result is 

e0(t) = E 5f. {( 1. 4- in cos cot) ± 2 E a„ cos most 
n = 1 

m E a,, Ecos (m.0„ co)t ± cos (mo., — co)1]} (A-4) 
n = 1 
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Inspection of this equation shows that all of the camera information 
is contained in the first term within the braces and the other terms 
may be discarded by means of a low-pass filter that has a cutoff 
frequency f.5 We must notice, however, that the use of the filter 
imposes a restriction on the sampling frequency. If, as we have 
assumed in the preceding work, f8 = 2f, the lower sideband term 
(nu. — co) for n = 1 in eq. (A-4) will have a frequency less than f, 
which will also pass through the filter. It follows at once that f, 
must exceed 2f slightly if the filter output is to consist of only the 
original information er(t). 

Let us summarize these results: The camera output is sampled at 
a rate just exceeding 8 mc. The resulting train is passed through a 
low-pass filter having a 4-mc cutoff frequency. The filter output 
then is the original camera signal complete in all its components up 
to 4 me, that is 

ee(1) = E 5f,(1 ± in cos cot) (A-5) 

One's immediate reaction to this summary is: Why all the bother? 
Why sample the signal, filter it, and end up with the original signal? 
The answer is that the system which we have considered points the 
way to an interlaced dot system that allows more detail to be trans-
mitted over a given channel bandwidth. Let us continue to study 
the simple system to complete the background for the more compli-
cated one. 

The filter output is delivered over the communication channel to 
the receiving equipment, where it is again sampled by a switch oper-
ating synchronously with the one located at the camera. These 
sample pulses are applied to the grid of the reproducing CRT, which 
displays the image in dot form. It is interesting to notice that for 
the figures we have used in the illustrative examples the number of 
dots per inch along the screen is approximately the same in either 
direction, horizontal or vertical; hence the image will be reproduced 
with none of the usual line structure apparent.6 

We shall assume that the filter has an ideal linear-phase characteristic. 
Then, since all components in the pass band are delayed by a constant interval, 
this delay may be omitted from the equations. 
° This lineless image may be reproduced in a conventional receiver if a suit-

able gating circuit is interposed between the video amplifiers and the CRT grid. 
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A- 3 Dot Interlace 

We may now consider the more complex system involving the 
principle of dot interlace, which is a further extension of the sampling 
concept. In Chapter 2 we saw that sampling of one-half a picture 
per field by means of the 2-to-1 vertical-interlaced raster yielded a 
50 per cent saving in bandwidth. We shall see that, in the present 
case, a sampling of dots along a line will permit transmission of twice 
the amount of detail in a given bandwidth. This is not in contradic-
tion to the Hartley law because the sampling process halves the 
picture rate. That is, under commercial line-scanning standards, 
only 15, rather than 30, complete pictures will be transmitted each 

second. 
In essence the dot interlace system samples every other picture 

element in one frame. In the next frame the remaining elements 
that were not covered in the first frame are sampled. We must 
assume for purposes of analysis, then, that the picture remains un-
changed over t we successive frames. This restriction is purely of a 
mathematical nrture and is not a real restriction in the practical 

application of the dot interlace technique. 
Since our purpose is to demonstrate that dot interlace permits 

transmission of greater detail within a given bandwidth, we shall 
consider how the system operates at two video modulating frequen-
cies, f and defined by 

end 

f < 2 (A-6a) 

<fi < fa (A-6b) 
2 

where f, is the sampling frequency. 
Consider, first, the analysis for the lower frequency f. For the 

commercial standards this will be any frequency up to 4 mc, and the 

sampling frequency will be 8 mc. Let the video information be given 
by eq. (A-1). For the first frame the operation of the sapling 
switch is given by eq. (A-2). In the second frame, however, the 
samples lie midway between those of the first frame; hence, the 
operation of the switch in the second frame will be expressed by: 
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es2(1) = Ofa[l ± 2 E a8 cos n(w.t 71-)] 
n = 1 

Of ,[1 ± 2 E (_ 1)"a. cos nw.t] (A-7) 
n=1 

It may be shown quite readily, that if the sampling process is applied 
to the video information, and the sampled output passed through a 
filter having a cutoff frequency of f8/2, the output from either frame 
will be identical to the original modulating signal, except for a con-
stant factor Oft. This checks our previous results: A signal extending 
up to 4 mc may be transmitted over a 4-mc bandwidth even though 
it has been sampled and filtered. 
The signals are sampled at the receiver again. The sampled out-

put for the first frame is given by (A-3) times 8f.. To find the output 
of the sampler during the second frame we multiply the original signal 
(A-1) by (A-7) and the modifying factor Of, to obtain 

ea(t) = E (0,)2[1 + nt cos cot 2 E (_ 1).an co. ?twit 
n 

OD 

± 2m E (— Wan cos nw.1 cos Wt1 n=1 

= E (O1.)2 {1 in cos wl + 2 E (_ 1)nan cos moat 
=1 

+ ni E (_ 1)"an[cos (nw, w)t + cos (nia, — (414 (A-8) 
n = 1 

The two signals are then passed through a filter of cutoff frequency 
f, and applied to the CRT grid. In the filter all frequencies greater 
than f, are suppressed. The remaining signal components for the 
two successive frames are displayed on the fluorescent screen where, 
because of the phosphor decay time and retina retentivity, they are 
effectively added. Thus the final signal displayed on the tube is the 
sum of the filter output over two successive fields: 
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ea + ea = E Of 8)2[1 m cos cut 2a1 cos co,t mai cos (w. — (o)t] 

± E (kfi)2[1 m cos cot — 2ai cos cost — ma,. cos (w. — co)t] 

= 2E (6f,)2(1 -F IYI cos wt) (A--9) 

This shows that the original modulation corresponding to a d-c com-
ponent with a superimposed component of frequency, f, that is less 
than one-half of the sampling frequency, is reproduced on the CRT 
unmodified except by a constant factor 2(kf.)2. This completes the 
analysis for the low-frequency component. 
We next consider the analysis for a high frequency fi, defined by 

eq. (A-6b). In terms of our previous numerical example, fl repre-
sents any of those frequencies which lie between 4 and 8 me that 
would not be transmitted in the conventional television system. 
In all the work that follows, numerical subscripts wfil be used to indi-
cate in which frame a given equation applies. The camera signal 
which is assumed to be the same in both frames is given by 

e,(t) -= E ( 1 ± ni cos wit) (A-10) 

Then the output of the sampler (luring frame 1 will he 

eoi (1) = E «8 {1 m cos wit + 2 E a. cos me,t 
= 1 

± in y an[cos (me, -I- cei)t -I- cos (mo, — ciei)t]} (A-11) 
ye = 1 

and during frame 2 it will be [by multiplying eq. (A-10) by (A-7)] 

ea (t) = E b.f. {1 ± m cos wit + 2 E 

E 
= 1 

n-.' 

( — 1)"a,,, cos nwat 

( — 1).an[cos (nw,t ± cos (mos — coi)t]} (A-12) 

As we have seen before, the sampler output is passed through a low-
pass filter having a cutoff frequency of f./2. Now since f./2 < <.f, 
we notice that 
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(nco,, col) > for n > 1 

, 
(nco„ — coo < co. —2 for n = 1 (A-13) 

(nco. — col) > for n > 1 

Therefore the filter output which is delivered to the communication 
channel in each case will be 

eri (() = E en[l + ma, cos (co, — col)t] (A-14) 

and e2(t) = E Sfn[1 — mai cos (co, — coi)t] (A-15) 

The last two equations show the basis of the dot-interlace system. 
They show that those signal components between 4 and 8 mc are also 
transmitted over a 4-mc bandwidth in the form of a lower sideband cor-
responding to a sub-carrier of 8 mc, the sampling frequency. We 
must continue the analysis to see if these high-frequency components 
are restored properly at the receiver CRT. In the receiver the in-
coming signal is sampled again at the same rate and for the same 
interval that it was at the camera. Thus for field 1 we have 

ein(t) = ed(t)ed(t) 

= E (8f,)2[ 1 + ma' cos (co, — col)! ± 2 E an cos ment 
n = 1 

" 
± 2mal E an cos moat cos (co, — coi)t] 

h - i 

= E (8f.)2 { 1 ± ma, cos (co, — col)! ± 2 E a, cos nWat 

n = 1 

nial E ah[cos (n 1co„ — coi)t 
n = I 

+ cos (.co„ coi)t]} (A-16) 

and for the second field 
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e20(t) = e,2(t)e 2(t) 

= E (6f.)2[1 — ma' cos (oh — cal)/ + 2 E (_ 1)"an cos most 
n=1 

OD 

— 2mal E (_ 1)'a,,cos nw.t cos (m, — oh)/1 

= E ( 6f.)2 { 1 — mai cos (co, — col)/ + 2 E (_ 1)" an cos nw„t 
n=1 

— mai E (- 1)"an[cos (n lw. — coOt 
n=1 

± cos (77-1.03 mei)t]} (A-17) 

As we have seen previously, these sampled outputs are now passed 
through a filter having an f. cutoff and added on the CRT. Thus 
the final signal on the tube grid is 

e1 -I- ea = E (t5f.)2[1 ma' cos (w, — oh)/ 
2ai cos w,t mae cos wet] 

E ( 6f.)2[1 — ma' cos (co, — col)/ 
— 2ai cos w,t ± mete cos wit] 

2E (ô.4)2(1 mae cos (o11) (A-18) 

The only factor that affects the original modulation is aê. We 
originally specified, however, that t5 is a small fraction of the sampling 
period 1/f„; therefore al may be seen to be nearly 1 from eq. (A-2). 
Comparison of eqs. (A-9) and (A-18) shows that the dot interlace 
treats all components up to 8 mc in the same manner. We have 
also seen from eqs. (A-14) and (A-15) that these components are 
transmitted over a 4-mc bandwidth. This, then, is the advantage 
of the dot interlace system of picture transmission. As compared 
to the conventional system it permits transmission of twice the 
amount of detail in the same bandwidth. The time of transmission 
for a complete frame is doubled. 

It should be mentioned in conclusion that a transmitted signal 
which is generated by a dot-interlace scanning system is amenable 
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to reception and reproduction by a conventional television set pro-
vided, of course, that the standard number of lines and frame fre-
quency are used at the camera end of the system. It is for this 
reason that there is hope in some quarters that the transmission 
standards in this country will be modified to include dot interlace. 
Such a change will permit new receivers that incorporate a sampler 
and filter to reproduce a picture of higher resolution without render-
ing obsolete any receivers of the present design. 

A-4. Dot Interlace and Multiplex' 

The advantages of the dot interlace technique are probably most 
apparent when dot interlace is combined with a multiplexing system. 
We have already seen how this combination is effected in a color 
television system that was discussed in sections 18-22 and 18-23; 
hence we shall review only the outline of the method. In tricolor 
transmission three signals, one for each of the primary colors, are 
developed. The sampling switch is arranged to sample the three 
color channels in time. This is the multiplexing part of the system. 
Furthermore, the sampling rate is so high that only one picture 
element at a time is sampled in each channel. Thus the two methods 
are combined to permit the transmission of samples of three color 
channels over a 4-mc bandwidth and to make possible the reproduc-
tion of a picture whose video components extend up to 8 mc. 

W. Boothroyd, "Dot Systems of Color Television," Part II. Electronics, 23, 
1 (January 1950). 





PROBLEMS 

2-1. The deflection circuits in a television receiver are adjusted so that 
the entire circular screen of the cathode-ray tube is used for reproducing the 
picture. Calculate what percentage of the image is lost in this type of 
presentation. 

2-2. The deflection circuits in a television receiver are adjusted so that 
the width of the picture is equal to the diameter of the circular cathode-ray 
tube screen. Calculate what percentage of the image is lost in this type of 
presentation. 

2-3. A television system requires a 4-me bandwidth to transmit a certain 
image at a picture repetition frequency of 30 per second. A comparable 
facsimile system using the same number of lines transmits the same picture 
in 10 minutes. What bandwidth is required? 

2-4. It is proposed that the horizontal scan in a television system be 
sinusoidal rather than saw-tooth in order to reduce the problem of flyback. 
Criticize the proposal from the point of view of picture reproduction. 

2-5. Draw a sketch showing the effect on the scanning lines of a 60-cycle 
ripple component in the vertical deflection system. A 2 : 1 interlaced scan 
is used. The frame frequency is 30 per second. How will the ripple com-
ponent affect the reproduction of detail in the reproduced image? 

2-6. Explain why adjacent lines overlap near the edges of the pattern 
when the bidirectional scan of Fig. 2-6b is used. What difficulty in picture 
reproduction does this overlapping cause? 

2-7. It is proposed that a saving in bandwidth without loss of resolution 
results if vertical scanning lines are used instead of horizontal lines. (See 
Fig. 2-7.) The proposal is based on the statement that in either case the 
number of lines is directly proportional to the picture dimension normal to 
the line direction. Criticize the proposal. 

2-8a. Sketch the positions of successive odd-field lines due to 60-cycle 
modulation of a 24-frame-per-second picture. 

b. In a 10-in, wide picture using 500 active lines what will be the max-
imum peak-to-peak motion of a scanning line in successive odd fields? As-
sume a horizontal ripple deflection of 0.25 of the spacing between adjacent 
lines. 

3-1. A rectangular scanning raster of aspect ratio is to be produced 
on the face of a 7JP4 cathode-ray tube operating at an accelerating potential 

773 
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of 5500 volts. Calculate the peak values of horizontal and vertical deflecting 
voltages required to make the raster as large as possible. 

3-2. Calculate the peak values of the horizontal and vertical deflecting 
voltages to produce a picture of the type described in problem 2-2 on a 
10HP4 cathode-ray tube. The accelerating potential is 6000 volts. If the 
transmitted picture is of standard aspect ratio, what will be the height of 

the raster on the 10HP4? 

3-3. Discuss the effect of moving the focusing coil axially along the neck 

of a cathode-ray tube. 

3-4. A certain deflection yoke used in conjunction with a 3-in, monitoring 
cathode-ray tube operating at 800 volts accelerating potential is found 
experimentally to have the following deflection sensitivities: 

Vertical coil: 18 ma/in. 

Horizontal coil: 78 ma/in. 

What peak values of deflection current are required to produce a picture 
of standard aspect ratio and a diagonal of 3 in. on the monitor operating at 
1000 volts for greater picture brightness? 

3-5. The normal height of the image reproduced on a type 14BP4 rec-
tangular-face cathode-ray tube is 81 in. A deflection yoke 5.5 cm long is 
centered on the neck of the tube at a point 104 inches from the fluorescent 
screen. The effective width of the deflecting field is 5.5 cm; the accelerating 
potential is 12 kv. Calculate the ampere-turns required to produce normal 
picture height. Assume the deflection field is uniform. 

3-6. A television receiver uses a 15DP4 cathode-ray tube which is of the 
bent-gun type. The magnetic field for the ion trap is furnished by two 
permanent magnets held to the neck of the tube by spring clips. It is found 
that no raster appears on the screen. In what manner might this trouble 
be due to improper placement of the magnet assembly? Suggest probable 

remedies. 

3-7. A type 16YP4 cathode-ray tube requires a peak-to-peak angular 
deflection of 70° to produce a scanning line of normal width. The deflection 
yoke is to be centered on a point 11 in. from the tube face which may be 
assumed flat. Using a point-by-point method, calculate the wave form of 
deflection current required to give constant scanning velocity along a line. 

3-8. A 3 : 1 interlaced scanning raster is to be considered. Draw the 
lines for three consecutive fields and the horizontal and vertical deflection 
components. Assume a 10-line system with zero flyback in both directions. 
Is there any advantage in having the total number of lines an odd integer 

iii this case? List the principal advantages and disadvantages of the system. 

3-9. Draw the block diagram of the timing unit required to provide 
proper synchronization in a 3: 1 interlaced scan. Label the frequency of 
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each oscillator and frequency-divider output. Assume 520 lines and 30 
frames per second. 

3-10a. Under current transmission standards the horizontal blanking 
interval is 0.16H. What maximum value of horizontal flyback ratio at the 
receiver will permit the retrace to be completed within the blanking interval? 

b. The vertical blanking interval has a duration of 0.05V. What 
maximum value of vertical flyback ratio may be used? 

3-11. Assuming an ideal checkerboard pattern to be transmitted, derive 
an expression for the rate at which picture elements are being transmitted 
in terms of number of lines, aspect ratio, blanking ratios, frame frequency, 
and utilization ratio. 

3-12. Beginning from eq. (3-20) derive an expression for the deflection 
sensitivity, D/I, in terms of the inductance of a deflection coil. 

4-1. Derive eq. (4-7) without using the superposition theorem. 

4-2. In a 525-line, 2: 1 interlaced, 60 field/sec scan, the sweep generator 
is designed for a maximum departure from linearity of 2%. If the vertical 
blanking ratio is 1/19, what is the maximum displacement of any line from 
its normal position in an 8 by 10-in. raster? Assume that the deflection 
amplifiers are linear. Will the crowding of lines occur at the top or the 
bottom of the picture? 

4-3a. Design a saw-tooth generator using a 6SN7 discharge tube to meet 
the following specifications: Linearity within ± 1%, supply voltage 300 volts, 
charging interval 16 millisec, flyback ratio of 1/19. 

b. The saw-tooth output is to be amplified and delivered to a 7JP4 
cathode-ray tube. What gain is required in the amplifier to produce a 
3h-in. deflection? 

4-4. The deflection factor of a 7EP4 cathode-ray tube is 95 volts/in. 
The output of a saw .tooth generator is fed through a push-pull voltage ampli-
fier to produce a 5.6-in, sweep on the 7EP4. The constants of the saw-tooth 
generator are C = 500 wif, R = 1 Meg, Ebb = 250 v. The synchronizing 
signal frequency is 15.75 ke and the flyback ratio is 1/10. 

a. Calculate the required gain per tube in the amplifier. 
b. Calculate the maximum departure from linearity in the saw-tooth 

signal. Assume no distortion in the amplifier. 

4-5. A thyratron-controlled saw-tooth generator is to be used to provide 
the vertical sean in an unsynchronized helter-skelter scan system. The 
nominal vertical scanning frequency is 60 per second. An 884 is to be used. 

a. Design the sweep generator to provide linearity within ± 1%. Specify 
the thyratron grid voltage required for a supply voltage of 250 volts. The 
tube drop of the 884 is 16 volts and its control characteristic is given by: 

eb 300 170 92.5 volts 

— ec .30 17.5 10 volts 
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b. What nominal blanking interval should be used? Neglect ionization 
and deionization times. 

4-6a. Design a free-running multivibrator to run at 60 cycles. The cut-
off interval of one section is to be 19 times that of the other. A 6SN7 is to 
be used and a plate supply voltage of 300 volts is available. 

b. Calculate and plot the voltage wave forms appearing on both 
grids and both plates. 

4-7. What is the per cent error in the frequency of the multivibrator in 
problem 4-6 as calculated by the order-of-magnitude equation (4-42)? 

4-8. The multivibrator of problem 4-6 is synchronized by positive pulses 
delivered from an infinite impedance source to the appropriate grid. If 
the synchronizing pulses occur at 15-millisec intervals, what must be their 
minimum amplitude for synchronization to occur? State the assumptions 
made in arriving at your answer. 

4-9a. Design a multivibrator to operate at 5 ke with r2/7-1 = 2. Use a 
6SN7, Ebb =- 250, and equal plate resistors of 100,000 ohms. 

b. Design a sync input system for the multivibrator. The sync 
frequency is 5 Ice. Do not change 72. Redesign the multivibrator if neces-
sary so that it operates with the proper duty cycle when synchronized. 

4-10. A certain application requires that a multivibrator deliver a square 
wave with ri = 72. It is suggested that the addition of a resistance of proper 
value in series with each of the condensers C1 and C2 will improve the wave 
form. Discuss this suggestion and derive the necessary design equations. 

4-11. Evaluate the circuit constants for the circuit of Fig. 4-19 to meet 
the following requirements: 

Ebb = 300 volts. 

r, = GO µsec = µsec = 0.3 R5C5 

6SN7's are used throughout. 

4-12. Derive the design equations for the saw-tooth generating circuits 
of Fig. 4-22h and c. Be sure to account for the effect of the sync injection 
circuits. 

4-13. A kit for building a television receiver has two blocking oscillator 
transformers: 

Transformer A 

Primary to secondary turns ratio 
= 1: 2. 

Secondary inductance = .02 henry. 

Transformer B 

Primary to secondary turns ratio 
= 1: 4. 

Primary inductance = 1.2 henry. 

Which unit should be used in the horizontal deflection system? Explain. 
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4-14. The circuit of Fig. 4-25 is used to develop the vertical sweep signal 
in a television receiver. Assume a reasonable cutoff-interval for the tube 
and calculate typical values for R4. C4, Cr,, and Ru. 

4-15. Measurements performed on the vertical deflection coils of a yoke 
yield the following data: 

L = 43 mh. Q = 4.5 at 1 kc. 

It is further determined that this coil in conjunction with a 7-in. CRT oper-
ating at rated voltage gives a deflection factor of 17.85 ma/in. If this coil 
is driven by a triode-connected 6F6 through a 2: 1 ideal transformer, calculate 
the shape and magnitude of the grid voltage required for the 6F6 to produce 
a 4-in, vertical deflection on the CRT. 

4-16. Design a trapezoidal generator to drive the circuit of problem 4-15. 
A 6SN7 is to be used with a supply voltage of 250 volts. Neglect flyback 
effects. 

4-17. Modify the design equations for a trapezoidal generator to take 
into account shunt damping resistance across the deflection coils. 

4-18. If shunt resistance damping is used in the 30-frame-per-second 
deflection system which is designed in section 4-12, what average power 
would be dissipated in the damping resistor? Is it necessary to recalculate 
the peak value of yoke current to determine the answer? 

4-19. The horizontal deflection coils and output transformer of a tele-
vision receiver have a natural resonant frequency of 75 kc which represents 
approximately the highest figure obtainable in current practice. If resist-
ance damping is used with these components, will flyback occur within the 
10-µsec horizontal blanking interval specified by U. S. standards? What 
other features of resistance damping would make its use in this application 
undesirable? 

4-20. Explain the operation of the voltage tripler shown in Fig. 4-52. 
Remember a pulse, not a sine wave, is applied. Consider the operation 
during the pulse and inter-pulse periods. 

4-21. Verify eq. (4-83). 

4-22. Explain why a given value of Cs has a greater effect on the flyback 
time when used in the circuit of Fig. 4-44a than in the circuit of Fig. 4-445. 

4-23. Explain why a change in the value of Rd in Fig. 4-50 affects the 
linearity of only the first half of the scan. 

4-24. In Fig. 4-50 what portion of the sweep is affected by adjustment 
of LI? Explain briefly. 

4-25. Derive an expression for the flyback time of a deflection system 
which employs shunt resistance damping. 
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5-1. In the facsimile system of Fig. 1-7 one scan over the entire picture 
occurs over a spiral path. Can the output signal be represented by a Fourier 
series? If so, is a one- or two-dimensional expansion required? 

5-2. A rectangular aperture has a uniform response I. Its length is 2c 
in the e direction, and its width is 2d in the n direction. Calculate and plot 
the aperture admittance. 

5-3. Repeat problem 5-2 for a circular aperture of constant response. 

5-4. It may be demonstrated mathematically that the most objection-
able extraneous component in a scanned image may be eliminated by using 
a rectangular aperture of uniform response such that 

I µ I = 1 for k = 0, = O. 

Discuss how this aperture eliminates the component on a physical basis. 

5-5. The effective aperture on a CRT is circular and may be assumed to 
leave a cos2 O variation of intensity across the width of a scanned line. If the 
spot radius is adjusted so that adjacent lines overlap each other a distance 
equal to the spot radius, a flat field is obtained. Demonstrate this analyti-
cally. What objection would arise to this overlap as far as vertical resolu-
tion is concerned? 

5-6. From physical considerations why is it logical that Bk' is propor-
tional to 17„, the vertical scanning interval? (See section 5-11.) 

6-1. Derive an equation relating the foot-candle to the meter-candle. 

6-2. A certain scene which is being televised has an average illuminance 
of 80 foot-candles. Assuming the average reflection coefficient to be 0.8, 
calculate the average illuminance of a photocathode on which the scene is 
focused by an f/4.5 lens. State the assumptions made in calculating your 
answer. 

6-3. Derive an expression for the illuminance required on the cathode 
of the phototube used with a flying-spot scanner to produce a given signal-to-
noise ratio. The shunt capacitance across R. is not negligible. 

6-4. An image dissector has a 3 by 4-in. photocathode. a. Calculate the 
aperture size required to give equal vertical and horizontal resolutions and 
a figure of merit of 100,000. 

b. For what number of active scanning lines should the associated 
scanning system be designed? 

c. If the dissector has a three-stage electron multiplier, each with 
secondary emission ratio 3, calculate the illuminance in foot-candles required 
at the photocathode to produce an output current of 45 X 10-9 amp. The 
luminous sensitivity of the photocathode is 20 vamp/lumen. 

d. Calculate the shot noise present in the output over a 4.5-mc half-
power bandwidth 
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6-5. When the output from an image dissector is viewed on a monitor 
tube, it is found that the entire image is twisted through a slight angle rela-
tive to the horizontal scanning lines in the monitor. What is the most 
probable cause of this effect on the image dissector? Explain your answer. 

6-6. Does the output of an image dissector have a fixed black level? 

Explain. 
6-7. A commercial type iconoscope operates into a coupling resistance 

of 10,000 ohms which resistor is at room temperature. Calculate the re-
quired mosaic illuminance to give a signal-to-noise ratio of 20 : 1 within a 
4.5-mc half-power bandwidth. 

6-8. Demonstrate that a parabolic shading voltage may be developed 
by integrating a saw-tooth wave of proper frequency. Assume the average 
value of the saw-tooth to be zero. 

6-9. Draw the circuit diagram of a balanced modulator to be used for 
keystone correction in an iconoscope. Show the wave forms of all applied 
voltages. Is there any need for balancing out a spurious field frequency 

component in the output? 

6-10. Discuss the possibility of using magnetic rather than electrostatic 
deflection for the vertical deflection in the orthiconoscope tube. 

6-11. Explain why saturated photoemission is not possible in the icono-
scope due to space charge limitation. 

6-12. Why does no problem of space charge limitation occur at the photo-

cathode in the orthicon tube? 

6-13. Is it possible for the return beam in the orthiconoscope to retrace 

the path of the incident beam? Explain. 

6-14. Derive an expression for the maximum useful electron multiplier 
multiplication, m. corresponding to a given beam current in the image 

orthicon. 

7-1. Discuss the adaptability of transformer-coupled and resistance-
coupled voltage amplifiers to broadband video amplification. 

7-2. Discuss the relative merits of triodes and pentodes for use in video 

amplifiers. 

7-3. Derive Küpfmüller's rule for 1r defined as the rise time between 
the 10% and 90% response values for the ideal low-pass amplifier. 

7-4. Explain why the figure of merit defined in (7-71) is not equal to the 
gain bandwidth product of an amplifier using a four-terminal coupling 

network. 

7-5. The delay characteristic rather than phase shift is generally plotted 
for a video amplifier. Derive a relationship for r in terms of 02 and f2. 
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7-6. The condition of maximal flatness in a video amplifier uses the larg-
est degree of compensation without having the amplification-vs.-frequency 
curve go through a peak. It is satisfied if 

d2.4 dA 

d.f2 dr 

By performing the necessary differentiation, show that this condition is the 
same as Case II in section 7-9. 

7-7. Calculate and plot the steady-state amplitude and delay character-
istics for an rn-derived, shunt-peaked amplifier for the two conditions: 

0.295 X 106 
A. R1 — L = 0.414 x 10-6CR12; C1 = 0.352C,. 

Ices 
0.255 X 106 

B. R1 — 
fteS 

L = 0.296 X 10-6CR12; CI = 0.125C.. 

where fc = highest frequency to be amplified, and C, is the shunt capacitance 
across L. From your results state the advantage of each design condition. 

7-8. A video amplifier is being tested by the square-wave method. It is 
observed that the response exhibits excessive overshoot. The value of 
compensating inductance may be changed by moving the powdered iron 
core of the inductor. Should the core be moved into or out of the coil to 
remedy the overshoot? Explain. 

7-9. A resistance-coupled amplifier using a 6AC7 is found to have an 
upper half-power frequency of 1 mc when a plate load resistance of 6000 ohms 
is used. The amplifier is to be converted for video operation. Specify the 
value of load resistance and shunt compensating inductance to be used to 
give a satisfactory transient response and a 4-mc bandwidth. 

7-10. D. A. Bell (Wireless Engineer, July 1943) has suggested that the 
transient response of the ideal amplifier may be calculated by considering 
unit function to be the limiting value as T approaches infinity of one cycle 
of a 50-50 square pulse, average value zero, and of period T. Under this 
assumption the amplifier output is 

2A f  sin co(t. — rdl 
eo(t) = 

7r o 

e0(l) = 0 for I < 

Plot this response and show why it is nearer to physical reality than the 
response shown in Fig. 7-8b. 

7-11. Verify eq. (7-103). 

7-12. Design a 4-mc, 3-stage video amplifier suitable for television use. 
All stages are to be identical. Use type 6AC7 tubes, and simple shunt 
compensation. 
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7-13. Repeat problem 7-12 but use series compensation. State the 
relative merits of the two types of compensation for this design problem. 

7-14. Calculate and plot the steady-state and transient performance of 
the amplifier shown in Fig. 7-25. 

7-15. Using the steady-state curves of Figs. 7-10 and 7-12, compare in 
a qualitative fashion the transient response of a Freeman-Schantz com-
pensated amplifier and a shunt-compensated amplifier of K = 0.5. 

7-16a. Plot Ah/A,„ vs. y for the range 0.5 < y < 1.5 for a series-com-
pensated amplifier. 

b. Using this curve as a basis, compare the transient response of the 
series-compensated amplifier with that of the shunt-compensated amplifier 
with K = 0.44. 

7-17. Construct a table giving the following values for a shunt-com-
pensated amplifier with K = .5, a series-compensated amplifier, and a series-
shunt compensated amplifier: shunt L. series L, R1, Am/Am (uncompensated), 
.4/2/A., and Ar, the departure from constant delay at f2. 

7-18. By the use of Thevenin's theorem, reduce the equivalent high-band 
circuit of a video feedback doublet (Fig. 7-29d) to a generator g.,E„, shunted 
by an impedance, feeding a parallel load of C.2 and RI. On the basis of this 
equivalent circuit, explain how high-band compensation takes place. 

7-19a. Design a shunt-compensated video amplifier, K = 0.5, for a top 
video frequency of 4 mc. Use a 6AC7 and assume a C. of 24 pif. 

b. Calculate and plot the amplitude and delay characteristics in the 
mid- and high-frequency bands. 

7-20a. Compensate the amplifier of problem 7-19 so that the lower half-
power frequency is 40 cycles. Neglect degenerative effects of the cathode 
and screen grid. 

b. Calculate and plot the low-hand response, taking into account 
cathode and screen effects. 

7-21. A d.c. restorer employing a 1-V tube has the following values. 

R = 1 Meg, R, = 5 k-ohm, Rd = 4 k-ohm, C = . 1 .if. 

Calculate the bias developed for an applied voltage of 30 volts peak, of 
Width 5 isec, and of repetition rate 15.75 kc. 

7-22. Design a cathode follower to match a 52-ohm coaxial cable. Use 
a blocking condenser to isolate d.c. from the cable. Be sure to adjust for 
proper bias on the tube. 

8-1. Analyze the paraphase amplifier of Fig. 8-6. 

8-2. Is it possible in the paraphase amplifier of Fig. 8-6 to compensate 
for the difference in grid voltages by adjustment of the two plate load re-
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sistances? If it is, derive an expression relating these load resistances so 
that both output voltages have the same magnitude. 

8-3. Explain how the use of push-pull deflection in the CRT permits a 
fair degree of non-linearity in sweep voltages. Would this be of particular 
advantage in the Type I closed system? Explain. 

8-4. Explain how the horizontal sweep circuits in the Type III closed 
system are protected from the vertical sync pulse. 

8-5. It is proposed to design a simple closed television system utilizing 
a minimum number of parts. Two commercial cathode-ray oscilloscopes 
are available, one of which is to be used as a flying-spot scanner, and the 
other as a receiver. Sweep voltages are to be generated by the two sweep 
circuits internal to the oscilloscopes. Draw a diagram of the complete sys-
tem. giving circuit values for all components not in the oscilloscopes. State 
what modifications, if any, need be made in the oscilloscopes and what provi-
sions, if any, need be made for synchronization. Give some thought to delay 
problems arising from the location of the two sweep generators, one at each 
end of the system. To what form of subject matter is transmission over 
this system limited? 

10-1. Flatness of field may be achieved by adjusting the viewing distance 
from the screen because of the limited visual acuity of the eye. Derive an 
expression for viewing distance, in terms of picture height and the number 
of active lines, which just allows adjacent scanned lines to be resolved. 
Assume that the eye can just resolve to points separated by 1 minute of arc. 

10-2. Criticize the use of a checkerboard pattern as a subject for check-
ing resolution in a television system. It is recommended that the criticism 
be based on the problems of reproducing a repetitive function or a pulse. 

10-3. Discuss the reasons why the horizontal-resolution curves of Fig. 
10-7 resemble the transient-response curve of an amplifier. 

10-4. Derive the relationship between the arbitrary units of V and H in 
Fig. 10-8 and the units of the same quantities in the preceding figures. 

10-5. Make a calibration chart for lines of resolution and effective band-
width for the wedges shown in the test pattern of Fig. 10-9. 

10-6. Explain how "smearing" of the station call letters in a received 
test pattern indicates poor transient response in the system. 

10-7. Criticize the test patterns of Figs. 10-9 and 10-10 for their ability 
to show if the CRT spot is defocused as it moves away from the center of 
the screen. 

10-8. Explain why receiver defects are more noticeable when test pat-
tern, rather than normal program material, is being received. 

11-1a. Derive the output voltage equations for a differentiating circuit 
and for an integrating circuit, each using a resistor-inductance combination. 
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11-lb. Compare the desirability of these circuits with their RC counter-
parts. 

11-2. Discuss the separation of horizontal and vertical sync pulses from 
the following point of view: differentiating circuits are sensitive to steepness 
and timing of leading edges; integrating circuits are sensitive to pulse width. 
Justify this manner of considering differentiation and integration. 

11-3. It is found that a vertical sweep circuit which uses the circuit shown 
in Fig. 11-5 slips out of synchronization when a low-amplitude sync pulse is 
applied. Explain the reason for this. Explain the need for holding the 
sync amplitude within fixed limits in order to maintain synchronization. 

11-4. Design a 5: 1 counter circuit using an 884 thyratron as the dis-
charge device. The input is a 50-50 square wave of 5000 cps. Use the 
following constants: 

E„ = 250 volts, Ebb = 250 volts, AE„ ≥ 2 volts. 

See problem 4-5 for the thyratron control characteristic. 

11-5. What objections are there to using a thyratron discharge device 
in a television sync generator counting circuit? What other form of dis-
charge device would be more satisfactory? Why? 

11-6. Derive the equations for the shunt admittance presented by a 
reactance tube. Assume that the impedance of the RC branch and 7-7, are 
both large and that cuRC is small compared to 1. 

11-7. A reactance tube circuit is to be used to control the frequency of a 
tuned-plate oscillator. The reactance tube is a 6SJ7 whose gm-e,, character-
istic for a plate voltage of 250 volts and a screen voltage of 100 volts is given 
by 

g„, = (3000 + 500 ec) µmho for —5 < < — 1 volt. 

R 1 Meg C 300 µµf 

The self-bias on the 6SJ7 is to be —3 volts. The oscillator tank condenser 
is 250 µµf. 

a. What value of tank inductance is required to produce an oscillator 
frequency of 31.5 Kc when no external control voltage is applied to the 
6SJ7? 

b. Draw the circuit diagram giving all circuit values. 
c. What range of frequency may be covered by applying a d-c control 

voltage from —2 to +2 volts to the 6SJ7 grid? 

11-8. The comparator circuit of Fig. 11-19 feeds the reactance tube of 
problem 11-7, but the phase of the 60-cycle sinebwave is reversed from that 
shown at d in the figure. Will the control voltage developed across C3 be of 
the correct polarity to correct the oscillator frequency? Explain. What 
changes could be made in the reactance tube circuit to remedy this condi-
tion? Explain. 
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11-9. Two 6SJ7's are connected in a voltage-adding circuit with a plate 
load resistance of 30,000 ohms. The plate supply voltage is 300 volts. 
Both screens are operated at 100 volts and the bias on each tube is —3 volts. 

a. Over what range of input voltage will the operation be satisfactory? 
b. Two square waves, one of twice the duration of the other, are applied 

to the grids. Each has a peak-to-peak amplitude of 1 volt. Plot the out-
put wave form. 

c. Check your result using eq. ( 11-35). 

11-10. An adding circuit consists of a single pentode with grid-to-cathode 
resistor Ra, plate-to-grid feedback resistor Rf, and plate-to-cathode load 
resistance RL. Two input signals which are to be added are applied to the 
circuit in the following manner: each voltage in series with a resistor R is 
connected between grid and cathode. 

a. Show that if Rf = R, Ra>> R, and the gain of the stage without 
feedback is large, the magnitude of the output voltage is equal to the sum 
of the two input voltages. 

b. Compare the relative merits of this adder and that described in the text. 

11-11. Discuss the use of a pentagrid mixer tube as a voltage adder. 

11-12a. Is it possible to delay a square wave, of width 20 µsec and repe-
tition frequency 15,750 per second, 10 µsec per section without appreciable 
distortion in a constant-k artificial line? 1? o= 50 ohms. Explain. 

b. What effect would the distortion have on the output wave form? 

11-13. Design a constanl-k delay line to provide an overall delay of at 
least 2 µsec with a delay per section of 0.5 µsec. The nominal impedance is 
to be 52 ohms and the applied square wave has a frequency of 15,750 pulses 
per second and a pulse width of 20 µsec. Use m-derived terminating half-
sections. 

11-14a. Design a phase-shift network for operation at 15.75 kc. A 
center-tapped, 6.3-volt filament transformer rated at 10 amperes is available. 

b. If a double-pole, double-throw switch is mounted on the potenti-
ometer in the phase shifter, how may it be used to increase the range of 
phase shift? 

11-15. The horizontal sync pulse from a sync generator is being checked 
on an oscilloscope employing a 15,750-cycle sine-wave sweep. With the 
pulse centered on a 10-cm base line, the width of the pulse at the 10% ampli-
tude points measures 2.81 cm. 

a. Does the pulse width lie within the tolerance limits specified by the 
F.C.C.? 

b. By what per cent does the pulse width deviate from the nominal value 
of 0.08 HT 

12-1. By extending eq. ( 12-29) show that vestigial sideband transmis-
sion introduces phase modulation of the carrier. This type of distortion 
causes trouble in receivers of the intercarrier type. What may be done 
at the transmitter to minimize this distortion? 
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12-2. Draw the rotating vector diagrams for the following systems of 
transmission: (a) double sideband, (b) single sideband, (c) vestigial side-
band, assuming the lower sideband amplitude is one-half that of the upper 
sideband. Briefly discuss the problem of phase distortion of the carrier for 
each of the three systems. 

12-3. The data for eq. ( 12-64) may also be derived by making the slopes 
of impedance vs. frequency equal for the lumped-constant resonant circuit 
and its transmission-line equivalent. Derive the necessary equations and 
verify the data. 

12-4. Verify, by plotting, that the case n = 1 in eq. ( 12-64) gives the 
closest agreement between the series resonant circuit and its transmission-
line equivalent. 

12-5a. Design a type A filter using coaxial line elements for channel 
No. 7. The characteristic impedance is to be 52 ohms. The inner diameter 
of the largest tubing available is 3 in. 

b. If the breakdown voltage between conductors is 75 kv per in. 
what is the maximum voltage which may be applied to the filter input? 

12-6. The delay between a video transmitter operating on channel 
No. 13 and its rn-derived vestigial sideband filter is to be .01 µsec or less in 
order to minimize the effect of signals reflected from the filter to the trans-
mitter. What maximum length of lossless coaxial cable may be used to 
connect the two units? Carry out the calculations at the video carrier 
frequency. 

12-7. Design an m-derived vestigial sideband filter for channel No. 5. 
The inner diameter of the largest tubing available is 3 in. The input im-
pedance is to be 72 ohms. Calculate and show all dimensions. 

12-8. It is desired to build a Balun of the form shown in Fig. 12-23 for 
use with a transmitter operating on channel No. 5. The materials on hand 
are such that the ratio of the outer, quarter-wave sleeve to middle conductor 
diameter is 5 : 1. The input impedance between terminal b and ground is 
to be the same at the two ends of the transmitted band, 76 me and 81.5 mc 
respectively. 

a. Show that the sleeve length should be X/4 at the arithmetic, rather 
than the geometric, mean of the band. 

b. What will be the impedance between terminal b and ground at the ends 
of the band? 

c. Would a Balun using this ratio of tube diameters give better perform-
ance on channel No. 13 than on channel No. 5? Explain. 

13-1. Verify eq. (13-18). 

13-2. Sketch typical wave forms for each of the monitoring positions 
shown in Fig. 13-13. Assume the monitor sweep frequency to be 15.75 kc 
in each ease. 
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13-3. Sketch the wave form of the composite video signal as it would 
appear on a monitor that has a sweep operating at frame frequency. 

13-4. Compare the expressions for power gain of grounded-plate and 
grounded-grid amplifiers operating in Class A. Neglect interelectrode ca-
pacitances. Compare these results for the amplifiers operating in Class C. 

13-5. Compare the relative merits of the synchronized clamping circuit 
and the diode clamper. Discuss the feasibility of designing a synchronized 
elamper employing a single triode driven from a synchronizing source. 
State in what respects its operation would be inferior to that of the circuit 
of Fig. 13-14. 

13-6a. Design a 300-ohm constant-resistance network. 

b. It is determined thafthe high-wattage resistor used in the network 
has a shunt capacitance of 8 j.q.if. Which form of the network could be used 
to the best advantage? Explain. 

c. In general will compensation be required if this network is used 
as the plate load of a video amplifier? Explain. 

13-7. Design the parallel wire line plate load for the push-pull output 
stage of a video transmitter which is to be operated on channel No. 12. The 
total output capacitance is 7 j.q.d. Neglect the length of the plate leads 
within the tubes. 

13-8. Design a broadband Balun for use in channel No. 5. The input 
coaxial lead has a characteristic impedance of 52 ohms. Choose constants 
so that the line-to-ground impedance is maximized. 

14-1. A 72-ohm receiving antenna is connected to 30 feet of 72-ohm co-
axial cable. Calculate the available noise power available at the output end 
of the cable which has an attenuation of 2.4 db. per hundred feet. 

14-2. Calculate the available power gain for the grounded-plate, grounded-
grid, and grounded-cathode stages. Neglect capacitances and grid leak 
resistances. From these results, which of the three connections would you 
choose for input stage of a receiver? Does this choice confirm the results 
of Chapter 14? 

14-3. Verify eqs. ( 14-38) through ( 14-42). 

14-4. Calculate the available power gain and noise figure for a grounded-
cathode amplifier stage employing a 6.16 and the following constants: 

6J6: /1, = 8.5 ma, g„, = 5.3 X 10-3 mho, r„ = 7100 ohms. 

RA = 300 ohms, R = 300 ohms, RL = 1000 ohms. 

Assume that conjugate impedance matches are maintained at all junctions. 

14-5. Repeat problem 14-4 but replace the 6J6 by a 6AG5 which has the 
following constants: 
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= 5.5 ma, /c2 = 1.6 ma, g. -= 4.75 X 10-3 mho. 

ri, -- 300,000 ohms 

14-6. Repeat problem 14-4 for the grounded-grid and grounded-plate 
connections. 

14-7. Repeat problem 14-5 for the grounded-grid and grounded-plate 
connections. 

14-8a. Discuss the possibility of lowering the noise figure of a receiver 
by deliberately mismatching the antenna transmission line at the receiver 
input by means of a lossless transformer. 

b. Why is such a procedure generally of little use in television work? 

14-9. A single-ended R-F stage is to be designed. Compare the relative 
merits of the 6J6 triode and the 6AG5 pentode for use in the stage. 

14-10. Discuss reasons for designing the R-F stage to be as narrow-band 
as possible. What compromises have to be made because of transient re-
sponse requirements? 

14-11. Discuss possible problems due to Miller effect in triode R-F stages. 

14-12. In what television bands is image interference from the commer-
cial FM band (88 to 108 me) most pronounced in a television receiver which 
employs a 26.4-mc visual I.F. frequency? 

14-13. Explain how FM interference can produce black bars on the 
CRT of a television receiver. 

14-14. A television receiver employs a 26.4-me visual I.F. frequency. 
To what frequency should the plate load of the converter be turned? Stagger 
tuning is not used. 

14-15a. Design a series-type trap to reject the 21.25-me component in a 
video I.F. amplifier system. 

b. Design a shunt-type trap employing two condensers to reject 
the same frequency. 

c. Derive an expression for the degree of reject in decibels of the 
21.25-mc component relative to the 25.75 component. 

14-16. Explain why an AFC circuit is not necessary to provide noise 
immunity for the vertical sweep system. 

15-1. Using the approximation co co. --ze 2co, show that eq. ( 15-1) re-
duces to the arithmetic symmetry form. (See Footnote 1, Chapter 15.) 

15-2. Derive an expression for the half-power bandwidth of a high-Q 
single-tuned stage in terms of the circuit constants. 

15-3. Three synchronously tuned, cascaded amplifier stages are to have 
an overall bandwidth of 4 mc. The center frequency is 25 me. 6AK5's are 
used. 
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g„, = 5000 mierotnho, r„ = 340,000 ohms, C = 12 pd. 

a. Design the component stages. • 
b. Calculate the over-all gain of the amplifier. 
c. The plate supply voltage for each stage is 120 volts. What maximum 

input voltage may be used with the amplifier? 

15-4. Discuss the practical troubles which might arise in applying eqs. 
(15-1) and ( 15-4) to a tuned amplifier that uses a triode. 

15-5. What gain may be realized from a single-tuned amplifier stage 
employing a 6AK5 and having a half-power bandwidth of 3.5 mc? Assume 
that the following stage also employs a 6AK5. 

15-6. A four-stage video I.F. amplifier consists of two groups of staggered 
pairs, the groups ' being synchronously tuned. The over-all bandwidth is 
4.5 me and the center frequency is 24 me. 

a. Design the four stages using 6AK5's. 
b. Calculate and plot the over-all gain as a function of frequency. 
c. What video I.F. should be used with this amplifier? Explain. 
d. Design appropriate traps to give the response curve the proper shape. 

15-7a. Design a staggered quadruple employing 6AK5's to have the 
same selectivity function as the amplifier in problem 15-6. 

b. What advantages are provided by the staggered quadruple ampli-
fier over the other design with regard to stability, gain, and alignment? 

15-8. Figure 12-8b shows the ideal shape of the video I.F. pass character-
istic. For what integral value of n does the selectivity function of eq. ( 15-38) 
most nearly approach the ideal? Assume that trap circuits may be used 
to help shape the curve. 

16-1. Derive eq. ( 16-4e). 

16-2. Explain the bending of a wave in terms of velocity if the refractive 
index of the atmosphere varies with altitude. 

16-3. A television receiving antenna is located 15 miles from a transmit-
ting antenna which radiates a peak signal of 12 kw in channel No. 6. The 
center of the transmitting antenna is 320 feet above the ground. At what 
height will the receiving antenna be in a field of 600 microvolts per meter? 

16-4. A ghost is received on a television receiver. Discuss how you 
might tell if it is due to mismatch in the antenna-transmission line-receiver 
system or to a multiple-path transmission effect. Assume that the trans-
mission line is 40 feet long. 

16-5a. Calculate the lengths required in the antenna system of Fig. 16-8. 

b. If the receiver to be used has a nominal input resistance of 300 
ohms, suggest two methods of overcoming the mismatch problem at the 
receiver input. 

16-6. Design a 300-ohm Yagi array for channel No. 13. 
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16-7. A receiver is located 4 miles from Station A at a relative azimuth 
of 0°. Stations B and C are located approximately 45 miles away at a 
relative azimuth of 10°. The channel assignments are as follows: 

Channel Station 

A 11 
4 

a. Specify the length and orientation of a folded dipole to give a good 
compromise on reception from the three stations. 

b. Recommend one form of array to better the reception. Give reasons 
for your choice. 

16-8. A receiver is located approximately midway between two trans-
mitters of equal power operating in channels No. 5 and No. 6. The airline 
distance between the transmitters is approximately 100 miles. Recommend 
a receiving antenna array which will allow either station to be received with 
a minimum of adjacent channel interference. 

16-9. It is found that the input stage of a receiver located close to a 
transmitter is being overloaded. How should the situation be remedied? 
Assume the transmission-line and receiver input impedance are both 300 
ohms. 

16-10. Discuss the conditions under which a rhombic antenna may be 
used to advantage in television reception. 

16-11. Draw the block diagram of a slave unit to be used with a com-
mon-video master distribution system. 

16-12. An apartment house has a master antenna and distribution sys-
tem which is designed to feed six 300-ohm-input receivers. No amplifiers 
are used. Each set is bridged across the main 300-ohm feeder through two 
750-ohm resistors, one on each side of the line. 

a. Sketch the distribution system. 
b. Neglecting cable losses, calculate the signal required at the antenna to 

deliver a 50-µvolt signal to each receiver. 
c. Calculate the isolation in decibels between any two receivers. Neglect 

cable losses. 
d. What maximum local oscillator voltage may be tolerated at the input 

terminals of any receiver so that the signal-to-oscillator voltage ratio at any 
other receiver is at least 10: 1? Assume a 50-µvolt signal voltage. 

18-1. Will equal intensities of the three primaries shown in Fig. 18-5 
reproduce white? If not, what relative intensities are required? 

• 18-2. Using Fig. 18-4, determine the relative intensities of the three 
primaries 

X = 0.1, Y = 0.11; X = 0.17, Y = 0.8; X = 0.6, Y -= 0.39; 

to synthesize the color X = 0.3, Y = 0.4. 
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18-3. Explain what primaries should be used in the Skiatron system of 
color reproduction. 

18-4. Consider the possibility of using time multiplex with the Skiatron 
color system. 

18-5. Discuss the feasibility of using the color switching scheme of Fig. 
18-10b with a switching rate higher than the field frequency. Consider the 
problem for camera tubes of both the instantaneous and storage types. 

18-6. Tabulate the relative merits and disadvantages of the several color 
synthesizing systems described in section 18-11. 

18-7. Discuss means for utilizing a tricolor kinescope in a field-sequential 
color system. Draw a block diagram of a receiver utilizing the three-color 
tube. 

18-8a. Draw block diagrams of a simultaneous color system which uses 
the principle of "mixed highs." 

b. Sketch channel diagrams for the system indicating reasonable 
bandwidths for each signal component. 

18-9. In the C.B.S. field-sequential color system, color switching after 
each line is not feasible due to the reduction in storage time (see section 
18-17). Why is this not a limiting factor in the C.T.I. color system? 

18-10. At what speed must the filter disk of Fig. 18-10b rotate in order 
to conform to the C.B.S. color standards? 

18-11. Explain how a 12-cycle-per-second flicker may be present in a 
C.B.S. color receiver. 

18-12. Explain how a C.B.S. color receiver would have to be modified 
to receive a conventional black-and-white program. 

18-13. Explain how the spacing between the three images appearing on 
the face of a camera tube in the C.T.I. system may be calculated to main-
tain the normal horizontal flyback relationships required for compatibility. 

18-14. Devise an electronic system for color switching in the R.C.A. 
color system. It is suggested that suitably derived signals be used for gating 

three channels. 

18-15. Summarize the means by which dot interlace increases the resolu-
tion of a picture transmitted over a fixed bandwidth. 

18-16. Compare the reproduction of a dot-interlace color picture by a 
tricolor kinescope and by a Trinoscope assembly. 
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A.G.C. 601 
keyed 603 

Ampere turns, magnetic deflection 59 
Amplification 266 

relative 271 
Amplifier: 

balanced 596 
cascaded, synchronously tuned 627 
cascode 559 
clamping 328 

reduction of grid swing 332 
deflection: 

balanced 349 
bandwidth 350 

figure of merit 571 
gain-bandwidth factor 626, 628 
gain-hamk% idth product 288 
grounded-grid 499 

class A 501 
class C 501 

high frequency compensation, sum-
mary 309 

ideal: 
delay time 284 
low-pass 284 
overshoot 285 
ring 285 

I.F. 581, 609, 647 
rise time 285 

Küpfmüller's rule 286 
line 507 
low frequency compensation 316 

bias circuit 322 
compensating network 319 
coupling circuit. 323 
summary 324 

modulated 520 
paraphase 349 
pentriode 325 
preamplifier: 

iconoscope 232 
image orthicon 263 

Amplificr (( 
single-t pnud 622 
bandwidth 624 
gain-bandwidth factor 626 
selectivity function 626 

square wave testing: 
high frequency 309 
low frequency 325 

stabilizing 507 
stagger tuned Ch. 15, 
transient response: 

calculation of, by 
312 

low frequency 325 
video: 

cascaded 287 
compensation: 
Freeman-Schantz 297 
shunt 289 
simple 292 
transient response 300 
vector diagrams 299 

direct coupling 515 
distortion: 

amplitude 267 
delay 267 
frequency 267 
non-linear 267 
phase 267 

feedback 334 
mid-band 334 
low-band 335 
high-band 336 

figure of merit 288 
high level 511 
m-derived shunt peaking 302 
parallel tubes in 511 
resistance coupled 269 

mid-band 270 
high-band 271 
low-band 273 
transient. response 279 

795 

622 if 

square wave 
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Amplifier (Cont.): 
video (Cont.): 

series compensation 303 
transient response 306 

series-shunt compensation 307 
transient response 307 

steady-state requirements 265, 
267, 269, 275 

transient response 275 
Antenna: 

batwing 541 
broadbanding 538 
crossed dipoles 533 
crossover network 661 
dipole 532, 658 

broadbanding 660 
folded 663 

directivity 532 
fan 669 
lightning protection 665 
master system 

video distribution 677 
R-F distribution 679 

parasitic 666 
radiation pattern 532 
receiving Ch. 16, 648 if 

requirements 657 
rotatable 674 
spikes 670 
stacked 535, 671 
superturnstile 541 
transmitting requirements 531 
turnstile 535 
unipole 664 
V 669, 671 
Yagi 668 

Aperture 37 
numerical, of a lens 193 

Aperture distortion 163 
of circular aperture 176 
one-dimensional 165 
t wo-dimensional 174 
with electron beams 181 

Aspect ratio, checking 392 
Azimutrol 675 

Back porch ( Fig. 11-11) 408, 507 
Balun 527 

broad-band 528 
narrow-band 483 

Bandwidth: 
approximate for television transmis-

sion 18 
checking 394 

Bazooka (see Balun) 
Bias lighting 238 
Black-negative signal 187 
Blacker-than-black 356 
Blanking 411 
camera 370 
composite signal 346 
interval 70 
line 370 
ratio 70 

Blocking oscillator 112 
controlled 600 
design values 114 
hold control 115 
synchronization 115 

Brightness (see Luminance) 
Brightness control 352 

Camera tubes Ch. 6, 185 if 
color response 198 
iconoscope 216 
image dissector 208 
image iconoscope 246 
image orthicon 254 
monoscope 185 
orthiconoscope 248 
static image generator 43, 185 

Candle 188 
Capacitance, of resistor 513 
Carrier-difference reception 604 (see 

also Receiver, intercar-
rier) 

Cascode amplifier 559 
Cathode follower: 

available power gain 558 
impedance matching 338 
input admittance 233 
noise figure 558 
voltage gain 560 

Cathode-ray tube: 
aluminized screen 64 
crossover point 47 
decay characteristic Fig. 2-10, 28 
decay time 8 
deflection factor 52 
deflection sensitivity 51 

typical values 52 
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Cathode-ray tube (Cont.): 
electron gun 47 
phosphor, decay time 8 
tricolor 719 
velocity-controlled 41 

Channels, R-F 371 
Chromoscope 718 
Clamping 241, 328, 352 

in sweep generator 89 
keyed 507 
synchronized 507 

Closed systems Ch. 8, 342 ff 
defined 343 
Purdue 43 
type I 343 
type II 352 
type III 354 

Coaxial line: 
characteristic impedance 471 
reactance 471 

Color: 
analyzing systems 709 
brilliance 695 
chroma 695 
complementary 705 
eye response 694 
filter 704 

diehroic mirror 705 
hue 695 
matching 695 
primaries 697 
reproducing systems 715 

chromoscope 718 
Telechrome tube 718 
tri-color kinescope 719 
Trinoscope 715 

saturation 695 
synthesis: 

additive 706 
subtractive 706 

transmission systems 713 
triangle 697 
trichromatic coefficients 699 

Color television: 
basic components (see Color) 
C.B.S. field-sequential 730 if 
compatibility 723 
C.T.I. line-sequential 741 if 
C.T.I. segmental-sequential 754 if 
mixed highs 729 
R.C.A. dot-sequential 744 if 

Color television (Cont.): 
R.C.A. simultaneous 724 if 
Skiatron system 707 

Communication channel, requirements 
of 7 

Comparator circuit 422 
adjustment 424 
in receiver 598 

Compatibility 723 
Composite video signal 355 

amplitude components, 396 
in closed system 356 
wave-form components 396 

Constant-R network 467, 513 
Contrast: 

checking 392 
control 352 

Counter circuit 414 
analysis 415 
discharge circuits 419 

Critical damping 134 
Critical flicker frequency, for CRT, 

Fig 2-9, 27 
Crossover network: 
antenna 661 
constant-R 467, 513 

Damper tube (see Reaction scanning) 
Damping: 

shunt-resistance 129 
resistance 133 

advantages 136 
diode 139 

advantages 142 
Dark spot: 

iconoscope 226 
correction 227 

image orthicon 262 
d.c. insertion 239 
Deflection: 

crossed E and H fields 250 
crossed II fields 252 
electrostatic 48 if 

balanced 349 
compared to magnetic 61 
flared plates 50 
positioning 596 

magnetic 55 if 
damping (see Damping) 
reaction scanning 142, 596 
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Deflect ion (Cont.): 
magnetic (Cont.): 

receiver circuits 591 

yoke construction 58 iftyp. es 44 

Degeneration, reduction of capacitance 
233 

Delay network 429 
artificial line 430 
multivibrator 433 

Dichroic mirror 705 
Differentiating circuit 357 

analysis 397 
Diode line 502 
Diplexer 529 
Dipole (see Antenna) 
Directional coupler 544 
Directivity pattern (see Antennas) 

dipole 659 
Discharge tube: 

thyratron 87 
vacuum 89 

plate resistance 89 
Discriminator (see Comparator) 
Dissipation factor 625 
Dome system 604 (see also Receiver, 

intercarrier) 
Dot generator 443 
Dot interlace 744, 766, 771 
Duality principle 137 
Dynode 211 

Efficiency, storage: 
orthicon 253 
iconoscope 224 

Electron: 
charge 45 
lens: 

electrostatic 47 
magnetic 52 

mass 45 
multiplier 210, 259 
volts 195 

Elemental area 4, 219 
Emission, in iconoscope 220 
Equalization 407 

pulses 410 
Equilibrium voltage: 

high-velocity scanning 222 
low-velocity scanning 248 

Eye: 
retina 21 

Eye (Cont.): 
visual acuity 21 

Facsimile: 
compared to television 7 
Times system 8 if 

Ferry-Porter law 25 

definition 31 
even 72 
frequency 31 
odd 72 
period, interlaced sean 76 
strength 650 

Figure of merit: 
picture 4, 219 
minimum 5 

tube 288, 625 
Filter: 

color 704 
constant-k 430 
distributed constant 472, 476 
low-pass 430 
m-derived 432, 479 
receiver attenuation 461, 462 

tolerance 464 
transmitter attenuation 460, 462 
vestigial sideband 

crossover 467 
7n-derived 479 
notching 477 
off-center tuned 466 
type A 467 
type B 477 

Flicker 25 
crit irai frequency 25 
interline 31 
overall 31 

Flux: 
radiant 188 
luminous 188 

Flyback: 
in magnetic deflection 128 
minimum 128 

interval 22 
power supply 147 

voltage multiplier 149 
ratio 23 

horizontal 70 
vertical 69 

resonance 139 
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Flying spot scanning: 
electronic 204, 710 
mechanical 39 

Focusing: 
electrostatic 45 

control 48 
magnetic: 

short coil 52 
construction 53 
control 54 

long coil 213 
Fourier integral 283 
Fourier series: 

exponential form 164 
in scanning analysis 151 

one-dimensional 151 
two-dimensional 152 
components 154 

in transient response 312 
of saw tooth 350 

Frame 24 
frequency 18, 24 

motion picture 25, 683 
period 68 

Frequency: 
I ands, FCC designation 648 
channels, television 371 
critical flicker 27 
crossover 469 

constant-R network 514 
cutoff 292 
field 75, 76 
frame 18, 24 
geometric mean 586 
half-power: 

lower 272 
upper 274 

I.F.: 
aural 579 
visual 579 

line 75, 76 
negative 284 
normalized 272, 291, 625 
power line 35 
top video 20, 292 

Frequency divider 345 
Frequency modulation, effect 

turc 582 

Gain 266 
Gain-bandwidth factor: 

single-tuned amplifier 626 

Gain-bandwidth factor (Cont.): 
staggered n-uple 628 
staggered pair 628 

Gain-bandwidth product 288 
Gamma 253 
Ghost, location 655 
Gibbs' phenomenon 314 
Grounded-grid amplifier: 

class A 501 
available power gain 558 
noise figure 558 
voltage gain 560 

class C 501 
neutralization 499 

Hartley law 723 

Iconoscope, 41, 44, 216 if 
bias lighting 238 
dark spot 227 

correction 227, 237 
d-e insertion 239 
efficiency, storage 224 
electron bombardment 220 

equilibrium potential 222 
electrostatic type 343 
equivalent circuit 224 
keystone correction 241 
illuminance levels 245 
mosaic 217 
output current, theoretical 219 
output voltage 220 
preamplifier 232 
storage 216, 218 

I-F amplifier 581, 609, 647 
I-F frequency: 

aural 579 
visual 579 

Illuminance 189 (. ee Illumination) 
Illumination 189 

apparent 27 
motion pictures 28 
photocathode 192 

Image dissector 44, 208 ff 
output current 209 

on pic- magnetic focusing 213 
signal to noise ratio 213 

multiplier 210 
noise 212 

Image iconoscope 44, 246 
Image intensification 246, 255 
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Image orthiconoscope 44, 254 if 
characteristics 260 
electron multiplier 259 

noise 260 
image intensifier 255 
mesh 256 

mosaic 257 
preamplifier 263 
shading 262, 264 
target 257 

Impedance matching, cathode follower 
338 

Impulse generators 92 
blocking oscillator 112 
multivibrator 93 if 

Inductuner 566 
Integrating circuit 357 

analysis 399 
Intercarrier reception (see Receiver) 
Interference, co-channel 654 
Interlace (see Scanning) 

color 741 
dot 744, 766, 771 

Ion spot 62 
Ion trap 65 

Keystone correction 241 
generator 243 

Kinescope, tricolor 719 
Küpfmüller's rule 286 

Lambert's law 189 
Lens: 

electron: 
electrostatic 47 
magnetic 52 

optical: 
equation for illuminance 193 
numerical aperture 193 

Line: 
active 70 
frequency 75, 76 
inactive 70, 412 
interval 72 
width 72 

Linearity: 
control 145 
departure from 82 
testing 392 

Lock and key 13 
Lumen 188 
Luminance 190 

Luminosity curve 188 
Luminous emittance 191 
Luminous intensity 188 

Magnetic deflection 116 if (see also 
Damping) 

direct-coupled 116 
grid voltage for 119 
minimum flyback time 137, 777 

(Prob. 4-19) 
transformer coupled 117 
trapezoidal generator 121 

design procedure 126 
Mangin mirror 617 
Millilambert 192 
Mixed highs 729 
Mixer: 
frequency 571 
voltage adder 347, 348, 360 

Modulation: 
amplitude 446 
grid 494 
plate 492 

Modulation index 447 
Monitor, driven 370 
NIonoscope 185 
Mosaic 217 

equilibrium potential 222 
two-sided 257 

Motion pictures: 
flicker reduction 29 
frame frequency 25 
illumination levels 28 
projector: 
16 mm. 687 

shutterless 688 
35 mm. 685 
standards 683 
televising Ch. 17. 682 if 

Multivibrator 93 if 
analysis 93 
circuits Ill 
delay 433 
design curves Fig. 4-16, 101 
design procedure 100 
synchronization 108, 110 

Neon tube: 
picture reproducer 38 

Neutralization: 
grounded-grid stage 499 
R-F stage, receiver 559 
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Nipkow disk 38 
Noise: 

available power 550 
available power gain 551 
bandwidth 551 
figure 552 
generator, equivalent circuits 549 
image orthicon 260 
flying spot scanner 206 
Johnson 201 
multiplier 212 
shot 199 
thermal agitation 201 
tube: 

equivalent resistance 
pentode 204 
triode 203 

flicker 203 
partition 203 
shot 202 

Noise figure: 
cathode follower 558 
grounded-cathode stage 558 
grounded-grid stage 558 
minimum 560 

Open system, defined 352 
Orthiconoscope 44, 248 

characteristics 252 
deflection system 250 
low-velocity scanning 248 

Oscillator: 
Colpitts 581 
crystal 498 
Hartley 581 
receiver 577 

stability requirement 577 
resonant line 496 
Ultraudion 581 

Overlap, effect on line structure 378 
Overshoot 285, 287 

Pairing 378 
Parallel operation of tubes 511 
Partition effect (see Noise) 
Pedestal 241, 321 
Perveance 146 
Phase shift 266 

relative 271 
network 15 

analysis 443 
Phosphor, decay time 8 

Phot oentission: 
color response 195 
Einstein's equation 194 
empirical laws 193 
threshold frequency 194 
work function 194 

Photometry: 
illuminance 189 
inverse square law 190 
Lambert's law 189 
luminance 190 
luminosity curve 188 
luminous emittance 191 
luminous flux 188 
luminous intensity 188 
radiant flux 188 
units of 192 

Phototuhe, output voltage 198 
Pickup: 

requirements 6 (see also Camera 
tubes) 

flying spot 204 
noise in 206 
phosphor decay time 207 

Picture 24 
frequency 24 

to reconstitute motion 8 
repetition rate 24 
shape: 

circular 14 
rectangular 17 
square 17 

transmission Ch. 1, 1 if 
parallel 5 
sequential 6 

Pitch 377 
Plate load, of modulated amplifier 521 

parallel line 524 • 
Power: 

in negative transmission 486 
in positive transmission 487 

Power gain: 
available: 

cathode follower 558 
grounded-cathode stage 556 
grounded-grid stage 558 

grounded-grid amplifier: 
class A 501 
class C 504 

Power supply, high voltage 147 
Projection system: 

reflective 617 
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Projection system (Cont.): 
refractive 615 
Skiatron 620 

Propagation, V.H.F. 649 
anomalous 654 
field strength 650 
ghosts 655 
line-of-sight range 650 

Protelgram 619 
Pulse cross 443 
Pulsewidth measurement: 

sawtooth sweep 440 
sinusoidal sweep 441 

Purdue system 41 

Q 523, 623 

Random scan 354 
Raster 67 
Rayleigh-Carson theorem 658 
R-C circuit: 

charge 78, 79 
discharge 78 
time constant 79 

Reactance curves: 
open-circuited line 471 
short-circuited line 471 

Reactance tube 421 
Reaction scanning 142, 596 
damper tube 144 
diode type 146 
linearity control 145 
voltage boosting 147 

Receiver Ch. 14, 546 if 
A.F.C., 579 

horizontal sweep 597 
A.G.C. 601 
bandwidth 562 • 
deflection circuits 591 

A.F.C. 597 
front end 372, 561 

continuous tuning 566 
functional diagram 548 
I-F amplifier 580 

characteristic 584 
double-tuned 584 
stagger-tuned 587 
trap circuits 587 

intercarrier 604 
circuit 607 
principle 605 

minimum noise figure 560 

SUBJECT INDEX 

Receiver (Cont.): 
mixer 571 
oscillator 578 
projection 615 
R-F stage 561 

neutralization 559 
tuning 562 

Reproducing system, requirements of 6 
Resolution: 

effect of line overlap 376 
factors governing 374 
figure of merit 374 
horizontal 383 

checking 394 
over-all 388 
testing 392 
vertical 381 

checking 392 
Ring 285 
Ripple, effect on scanning 32 IT 
Rise time 285 
R.M.A. signal Fig 11-11, 408 
Roe bird 24 

Sampling, concept of 5 
Saw-tooth voltage, generator 80, 115 

departure from linearity 82, 84 
trigger tubes 87 
conversion ratio 83, 84 
constant current 86 

Saw-tooth wave, spectrum 350 
Scan: 

horizontal 23 
interval 22 
vertical 23 

Scanning: 
defined 7 
effect on picture reproduction Ch. 5, 

150 if 
electronic 44 if 

development 41 
linearity, testing 392 
mechanical: 

facsimile 10 
flying spot 40 
mirror 40 
Nipkow disk 38 

pitch 377 
trace 14 

Scanning generators Ch. 4, 75 if 
Scanning geometry: 

bidirectional 21 
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Scanning geometry (Cont.): 
direction 21 
effect of ripple 21 
helter skelter 71 
interlaced 30, 72 

even-line 76 
odd-line 76 

need for 389 
progressive 30, 67 
random 71, 354 
speed 21 
spiral 15 
standards 371 

Scanning lines: 
intensity 376 
optimum number Ch. 10, 374 ff 
pairing 378 

Scophony system 11, 41 
Secondary emission ratio 211 
aluminum 186 
carbon 186 
nickel 222 

Serration 405 
Shading: 

iconoscope 227, 237 
generator 230 

image orthicon 262, 264 
Shot noise: 

emission limited 199 
voltage limited 199, 203 

Sidebands 447 
Signal-to-noise ratio: 

iconoscope 233 
image dissector 213 
minimum usable 199 
receiver 552 

Skiatron 620 
for color reproduction 707 

Snell's law 46 
Spectrum: 

saw-tooth wave 350 
scanned image: 

interlaced scan 160 
progressive scan 157 

square pulse 429, 764 
Square wave: 

spectrum 429, 764 
testing: 

high response 309 
low response 325 

Stagger tuning Ch. 15, 622 if 
staggered n-uple 638 
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Stagger tuning (Cont.): 
staggered n-uple (Cont.): 

arithmetic form 645 
asymptotic forms 642 
gain-bandwidth factor 628 
selectivity function 628, 641 

staggered pair 629 
gain-bandwidth factor 636 
selectivity function 629 

Standards: 
committees for 366 
intercarrier reception 613 
picture Ch. 2, 13 if 
receiver I.F. 579 
synchronizing signal 408 
transmission 370 

Standing wave ratio: 
defined 539 
measurement 543 

Static image generator: 
monoscope 185 
Purdue project 43 

Storage principle 216, 218 
Supersync: 

blacker than black 356 
closed system 356 

Sweep generator: 
saw-tooth 80, 115 
spiral 15 
trapezoidal 121 

Sync stretcher 488, 510 
Sync stripping 360 
Synchronization Ch. 11, 395 if 

blocking oscillator 115 
multivibrator 108, 110 
sweep generator 92 

Synchronizing signal: 
composite 408 
development 402 

dimensions 408 
equalizing pulse 410 
horizontal 402 
separation: 

horizontal and vertical 356, 401 
sync and video 360 

serration 405 
testing: 

dot generator 443 
pulse cross 443 
saw-tooth sweep 440 
sinusoidal sweep 441 

vertical 403 
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Sync generator 345, 412 ff 
comparator circuit 422 
counter circuit 414 
delay network 429 
ren 4. t anee tube 421 
requirements 412 
operation 434 
voltage adder 425 

SUBJECT INDEX 

Telecasting standards: 
R-F 371 
scanning 371 

Telecasting system: 
commercial Ch. 9, 365 

block diagram 368 
Telechrome tube 718 
Television, definition 1 
Test pattern 390, 391 

testing band width 394 
Thermal agitation (see Noise) 
Thvratron: 

rieionization time SS 
trigger tube 87 

with feedback 87, 88 
Tilt 282, 326 
Time constant, R-C circuit 79 
Timing unit, interlaced scan 75 
Transeonductance, conversion 576 
Transient response: 

calculation 312 
ideal amplifier 283 
ideal receiver 384 
R-C amplifier 279 
series peaking 306 
series-shunt peaking 307 
shunt peaking 301 
testing 309, 325 

Transmission: 
dot, Appendix. 761 ff 
double sideband 447 
negative 484 
positive 485 
receiver attenuation 461 
single sideband 451 
transmitter attenuation 460 
vestigial sideband 454 

filtering 465 if 
Transmitter Ch. 13, 484 ff 

carrier frequency 648 
components: 

Transmitter (Cont.): 
components (Cont.): 
antenna 531 
coupling loop 527 
diplexer 529 
filter (see Filter) 
modulating section 519 
oscillator: 

crystal 498 
resonant line 496 

plate load 521 
R-F section 496 
transmission lines 527 
video section 506 

Du Mont 490 
General Electric 489 
modulation: 

grid 494 
plate 492 

monitoring 507 
requirements 489 
R.C.A. 491 

Trap circuits: 
absorption 590 
degenerative 589 
series 587 
shunt 587 

Trinoscope 715 

Ultraudion 580 
Unblank interval 70 
Unipole 664 
Unit function 277 
Utilization coefficient 19 
Utilization ratio 382 

Vestigial sideband transmission Ch. 12, 
446 

Voltage adder, analysis: 
graphical 427 
linear 426 

Voltage booster 147 
Voltage multiplier (see Flyback power 

supply) 

Wavelength, in picture Fourier compo-
nents 156 

Work function 194 
White-positive output 253 

Young-Helmholtz theory 694 
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