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PREFACE

The adoption of television standards and the establishment of
public programs have set the stage for a great expansion of the
radio industry. With it comes the need for much new informa-
tion, for new approaches to old problems, and for coordination of
work reported by many engineers in widely scattered periodical
literature. This book has been written to bring ‘together con-
veniently the basie principles upon which television engineering
rests and to illustrate the application of these principles in
practical equipment now in use in the field. More specifically,
the book has been written to perform a definite function: to
enable the technical worker to make the transition from famil-
iarity with radio engineering to familiarity with television
engineering.

It has been assumed that the reader is acquainted with the gen-
cral principles of radio engineering as they apply to vacuum tubes
and circuits and to the practice of amplification, modulation,
carrier transmission, and demodulation. Those aspects of the
subject not generally found in the radio engineer’s background,
such as scanning, illumination, camera tubes, picture tubes, wave-
form analysis, and the like, are treated in detail.

The author has been confronted by the choice of transmission
standards to use as a basis for concrete illustrations. The
standards of the Radio Manufacturers Association Committee on
Television have been adopted for this purpose, because they
underlie nearly all the work being done in the United States at
present. In the event that changes in these standards are made
in the future, the numerical values stated in the text may be
modified, but most of the general expressions will retain their
validity.

The author is indebted to the many technical workers in the
television field on whom he has drawn for information and
assistance. In particular thanks are due to Beverly Dudley
for his careful reading of the manuseript, to R. E. Shelby and
other members of the staff of the National Broadecasting Com-
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pany’s television department for information and suggestions, to
Major Lenox Lohr for permission to use illustrations from
his forthcoming book “Television Broadecasting,” to Arthur
Van Dyck for permission to use material published in the reports
of the RCA License Laboratory, and to George Fyler, H. J.
Heindel, and Kenneth Chittick for information on receiver designs
and testing methods. Credit for various illustrations is grate-
fully acknowledged to the following: Bell Telephone Laboratories,
Fig. 140; Columbia Broadcasting System, Figs. 157 and 273;
Beverly Dudley, Figs. 26 and 85; Farnsworth Television and
Radio Co., Fig. 48; General Electric Company, Figs. 260, 272,
284-287; National Broadcasting Company, Figs. 4, 6, 7, 13,
25, 46B, 50, 169, 240, 264, 275; Philco Radio and Television
Corp., Fig. 200; RCA Institutes, Inc., Fig. 295; RCA License
Laboratory, Figs. 242, 244, 251, 254, 255; RCA Manufacturing
Co., Inc., Figs. 8, 10, 27, 41, 49, 58, 110, 119, 226-238, 279282,
288, 289, 301; Wilhelm Schrage, Figs. 5 and 464 ; F. W. Sickles
Co., Figs. 299 and 300; Weston Electricai Instrument Corp.,
Fig. 306. Thanks are also due to Robert Fink who prepared
the index.
Dowawp G. Fink.

ENGLEwWOOD, N. J.,
January, 1940.
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PRINCIPLES OF TELEVISION
ENGINEERING
CHAPTER I

TELEVISION METHODS AND EQUIPMENT

Whenever the techniques of electrical communication are
employed to extend natural sense perceptions, the specifications
of the communication system must be determined by studying
the sense organs involved. In the case of telephony, for example,
the ranges of pitch and loudness to which the human ear responds
have been measured and the corresponding frequency and energy
limits in the electrical system have been established. Sound-
transmission devices, developed with these limits in mind, can
reproduce adequately the entire ranges of pitch and loudness to
which the ear naturally responds. The result is that sounds may
be transmitted electrically with any desired degree of realism,
subject only to the economic resources at the command of the
engineer.

In television, an analogous development is now in progress.
The ranges of brightness, detail, contrast, and color to which
the eye normally responds have been measured, and the cor-
responding photoelectrical and frequency-response characteristics
have been established. But the development of sight-transmis-
sion devices, capable of responding adequately throughout the
response ranges of the eye, is asyet incomplete. It is not possible
to transmit television images with any desired degree of realism,
because the economic and technical limitations of present equip-
ment prevent it. In its present state of development, therefore,
television engineering is a science of compromises. On the one
hand, the natural requirements of the sense of sight are well
known. On the other, the practical limitations of television
equipment are inescapable, at least for the present.

1 .



2 PRINCIPLES OF TELEVISION ENGINEERING [Caar. ]

Despite these limitations, a technically adequate television
system has been devised, capable of reproducing all manner of
subjects and scenes with sufficient realism to hold the attention
and interest of critical observers. This achievement has been
won, in spite of the severe handicaps that are imposed by the
sense of sight itself (1) b)'r determining the effects of compromises
on the apparent realism of the reproduction and (2) by expending
time and effort on those problems which admit of the least com-
promise. Color has been dispensed with, for example, because
the eye does not insist on reproduction in natural colors. On
the other hand, great effort has been directed toward reproducing
a maximum amount of pictorial detail, since detail is one of the
primary attributes of a satisfactory pictorial reproduction. No
attempt need be madé to reproduce the absolute ranges of
brightness in the scene,I since the effect of brightness contrasts
can be achieved within a restrictéd range of brightness if the
system takes into account the logarithmic:response of the eye.
These compromises are treated at greater length in the following
chapters. Here they serve to illustrate the basic principle that
the compromises adopted in the design of a television system
must be acceptable to the eye. Accordingly it is necessary,
in studying the television system, to examine the functions of the
unaided sense of sight.

1. Basic Factors in Direct Vision.—When the eye views a
scene directly, the intelligence conveyed from the scene to the
mind of the observer is based on four factors: (1) distribution
of light and shade, (2) motion, (3) color distribution, and (4)
stereoscopy or ‘three-dimensional perspective.” These factors
have been listed in order of importance. No visual intelligence
is possible without distribution of light and shade, but this one
factor alone suffices to r'epresent a static scene, as in photographic
prints and printed half-tone engravings. When the scene is
dynamic, that is, when it depicts a connected series of events,
motion is an essential part of the vision process. The representa-
tion of half-tone distributions in motion has been achieved in
black-and-white motion pictures. Experience in this method
of presentation has shown that a surprising degree of realism
can be achieved, provided that the missing elements of color and
stereoscopy are in part restored by the careful use of lighting.
depth of focus, and camera action.
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The four factors involved in direct vision are based on cor-
responding functions of the human eye. The structure of the
eye, with the. scientific names of its various parts, is shown in
Fig. 1. Essentially, the eye consists of a lens system of adjustable
focus, which receives light from the scene before it and focuses
the light on the light-sensitive retina. The retina is composed of
about 18,000,000 light-sensitive elements, called ‘“‘rods and
cones.” Many of these rods and cones are capable of acting
independently of each other and are connected to separate fibers
in the optic nerve. In this arrangement rest the flexibility of the
sense of sight and, incidentally, the difficulty of devising an
electrical system that will perform the functions of seeing.

-Vitreous
. " hurmor
Iris-....... g
/uneou.s_ —Fovea
umor P centfralis
Cornea -
y . Opfic nerve
Crystalline s Reting

lens
Fic. 1.—The human eye.

The rods and cones of the retina have extraordinary powers,
the most important of which are as follows:

1. The ability to distinguish between degrees of light and darkness, that
is, to evaluate the brightness of the light received.

2. The ability to distinguish between ecolors, that is, to distinguish
between light rays of different wavelength (primarily a function of the cones
in the foveal region, shown in Fig. 1).

3. The ability to transmit sensation, of both color and brightness, to
the optic nerve some time after the light stimulus is removed, the so-
called ‘‘persistence of vision.”

In addition to these functions of the rods and cones, several
other important functions of the eye are made possible by the
two-dimensional arrangement of the many rods and cones in the
retinal layer:

4. The ability to perceive the geometrical arrangement of the various
parts of the image that is focused on the retina, through the simultaneous
excitation of many rods and cones. The geometry reveals the width and
height of objects directly and their depth indirectly by perspective.
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5. The ability to distinguish motion in the image, as the geometry of the
image changes and as a given part of the image illuminates several rods and
cones in sequence.

6. The ability to distinguish detail in the image, each small detail being
percelved by an individual cone or by small groups of them; in the foveal
region.

The focusing action of the lens system makes possible

7. The ability to distinguishl far objects from near objects by the relative
sharpness of the details contained in their images.

Finally, the possession (l)f two eyes provides

8. The ability to infer the relative distance and position of several objects
by perception of the effects ofjthe angle between the lines of sight from the
eyes to the objects in question! (so-called ‘“‘stereoscopic perspective’’).

In view of these eight important aspects of vision, we may
define the word ‘“‘scene” as follows: A scene is an illuminated
two-dimensional area or three-dimensional space, the confents
of which are perceived by the eye as a distribution of small
lighted areas, differing in color and degree of brightness, the
areas being so perceived that the two dimensions at right angles to
the line of sight are directly apparent and the third dimension
is inferred by perspective, This rather laborious definition has
been stated because it 1llustrates precisely the items that must be
dealt with in a television system, namely, an arrangement of
small lighted and colored areas, which, incidentally, are usually in
motion. By such a definition, we reduce our direct experience
with the process of vision to an objective statement of its essential
elements.

Ideally a television system should have all eight of the primary
abilities of the eye listed|above. Actually all of them can be
achieved, at least to some degree, by a television system that
employs six complete picture-transmission circuits at once.
Such a system can transmit a pair of images in each of the three
primary colors, the pairs lbeing arranged, stereoscope fashion, to
give the illusion of depth. But if we confine ourselves to one
picture-transmission channel as the limit now practically avail-
able for any one program, then color and stereoscopic perspective
(the second and eighth 1’cems in the foregoing list) cannot be
transmitted. By utlhzmg the remaining six factors, it is possible
to reproduce a black-and-white (monochrome) image in motion.
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9. Methods of Visual Representation.—Before considering the
manner in which a scene is transmitted by television, we discuss
the familiar methods of visual representation by photography
and photoengraving. These methods differ considerably from
those employed in television, but they serve to introduce the

Fii. 24. —\ simple still picture reproduced in a 120-line half-tone engraving.
The picture elements (half-tone dots) cannot be discerned except on close
inspection.

Fia. 2B.—A portion of the picture in Fig. 24, enlarged to show the grain struc-
ture of the original photograph.
important ideas of picture element and image repetition which are
essentials in the television process.
The simplest form of photography, the black-and-white still
picture, is an example of the first essentials of vision since it is a
geometrical arrangement of small areas of light and shade. If
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we examine a photographic print under the microscope, we find
that itis composed of fine grains of silver (see Fig.2B). Thesilver
grains are distributed throughout the picture area so as to repre-
sent the differences in light and shade present in the scene.
Similarly a printed picture, reproduced from a photoengraving,
is composed (see Fig. 3) of many fine printed dots, the dots
being small in diameter or missing altogether in the highlights
and of large diameter in the shadows. The silver grains and
printed dots are examples of picture elements. A picture element
is a small area of light or shade which constitutes the basic
structure of the image.

R e

X X nnl

Fie. 3.—Enlargement of the half-tone dots of a portion of the engraving in
Fig. 24. Compare the same details in Fig. 2B with the coarse dot-structure
above.

Upon the size of the picture elements depends the satisfaction
that a picture can give the eye, when viewed at a stated distance.
If the picture elements are small and numerous, fine detail is
possible, and the picture may be examined closely without the
individual picture elements themselves being evident. On the
other hand if the picturc elements are large, as they are for
example in the ordinary 60-line half-tone engravings employed
in newspaper printing, on close inspection the dots become
evident. Such a coarse-grained picture is acceptable only if
viewed at a distance of a foot or two, and the picture elements
are not separately discernible at all if the picture is viewed from
a distance of 4 or 5 ft. The size of the picture elements required
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to portray a given subject depends, therefore, equally as much
on the distance at which the picture is to be viewed as on the
number of details to be represented in the
picture.

The next type of photography, in order
of complexity, is the black-and-white mo-
tion picture, which has all the properties
of the still photograph and, in addition,
is capable of reproducing motion in the
image.

A motion-picture film, as shown in Fig.
4, contains a great many still pictures
each of which differs slightly from the pre-
ceding and following pictures. As the film
runs through the projector, each picture

r “frame’’ is held stationary before the
projecting lens for a brief time, then the
picture is cut off by a shutter and the next
frame is moved into place before the lens.
The shutter then opens and reveals the
second picture while it is stationary. The
shutter then closes again, the next picture
moves into place, remains stationary while
the shutter opens, and so on. Since each
picture is stationary when exposed to the
screen, there is no blurring, and the only
changes noticed by the eye are the differ-
ences between the successive pictures. If
the stationary pictures are presented
rapidly enough, the image formed in the
eye by one picture persists during the
succeeding dark interval and the eye is
not aware that the light has been cut off be-
tween pictures. Consequently the screen,
on which the picture is projected, appears
as if it were continuously illuminated, and

. . . X FiG. 4.—Typical mo-
at the same time any motion in the image tion-picture film (35-

appears smooth and continuous. mm.).

The rate at which the still pictures must be presented depends
on two factors, the apparent rate of motion of the objects in the
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image, and the time during which each still picture persists in
the mind of the observer. The former factor, rate of motion
in the image, can ordinarily be satisfied by a picture-repetition
rate faster than 15 per second. The rate of persistence of vision
is less easy to satisfy. When the illumination level is high, a
picture rate of 15 per second is not rapid enough to ensure
smooth blending of one image into the next and objectionable
flicker results.

In standard motion-picture practice, the picture-repetition
rate has been set at 24 pictures per second. At this rate, and at
the illumination levels commonly employed in theater projection,
the eye can detect a definite flicker. To avoid the difficulty, the
projection of each still picture is broken up into two periods of
equal length, by the action of a shutter which in effect shows each
picture twice, making 48 separate projection periods from the
24 separate pictures in cach second of the performance. By thus
increasing the effective picture-repetition rate, the flicker is
made undetectable under ordinary conditions.

3. Electrical Transmission of Visual Information—Scanning
and Picture Repetition.—The transmission of visual information
by electricity is severely limited by the fact that a single elec-
trical-transmission circuit can carry but one item of information
at a time. In general, these items of information are conveyed
by current impulses that are caused to flow through the circuit
by corresponding voltage impulses generated by the transmitting
equipment. If several such voltage impulses are applied simul-
taneously to the circuit, the corresponding current impulses lose
their separate identities in the circuit and cannot be separated
at the receiving end of the line. Consequently the impulses
must be conveyed ““in single file”’ rather than ‘“many abreast.”

With this limitation of transmission circuits in mind, we recall
that a scene consists of a great many picture elements, which are
perceived simultaneously by the eye. The many picture ele-
ments cannot be conveyed simultaneously by a single electrical
communication channel. Hence it would seem necessary to
provide a separate communication channel for each picture ele-
ment and cause each channel to respond only to the changes of
its particular picture element. This has been called the ‘‘paral-
lel” method of transmitting visual information. It has been
experimented with, but it has proved practical only when the
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number of picture elements in the picture is small and when
the distance of transmission is short enough to make feasible the
great number of separate circuits required. The animated elec-
tric sign in which bulbs are used for picture elements, each wired
to a separate circuit, is to date the only practical application of
the parallel method of transmission. For pictures containing
100,000 picture elements or more (typical of modern television
work), it is obviously impractical to provide the necessary num-
ber of individual circuits for parallel transmission.

‘;

Fru. 5.—Parallel transmission of picture elements. Some 9000 separate lamps
and circuits are required to reproduce the crude picture shown.

The alternative is to employ one communication channel and
to send the picture-element impulses one after the other in orderly
sequence at a very rapid rate. This is the so-called ““successive”’
method of transmission. It is used universally in television and
in the simpler processes of still-picture transmission by the wire-

“photo and radiophoto systems. .

The effectiveness of the successive method of transmission
rests on a very fortunate property of the eye, persistence of
vision. If the eye were instantaneous in its action, the succes-
sive method would fail, since the eye at the receiver would then
see each picture clement individually and separately. It is
fortunate, therefore, that the impression made by any one pic-
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ture element persists in the eye for a small fraction of a second. -

During the interval of persistence of this one element, all the other
elements are presented successively to the eye in their proper
positions. In effect, the eye acts as though it were seeing all the
elements at once, and the simultaneous aspect of direct vision is
recreated artificially.

The persistence of vision is a complicated phenomenon. Its
duration depends on the brightness of the light employed. The
persistence of the sensation of light is very definite and marked
for a short period after the light stimulus is removed, after which
the sensation gradually dies away. In view of these complica-
tions, it is difficult to state definitely what fraction of a second is
occupied by the persistence effect. Experience with motion
pictures has revealed that the projected image appears contin-
uously illuminated if the individual light impulses from the
projector are presented to the eye at a rate of about 50 per
second, which would indicate an effective persistence of about
}50 sec. If the light impulses are presented to the eye at a slower
rate, the sensation decays to a low level between the light impulses
and flicker is apparent. The flicker is less noticeable if the light
is not very bright, but it is readily apparent, even at reduced
brightness, when the repetition rate falls below 30 per second.

Taking 134 sec., for convenience, as a measure of the persist-
ence effect, it follows that in the successive method of visual
transmission all the picture elements must be sent, one after the
other, within the duration of }4¢ sec. if the eye is to see them all
at once. Since there is a large number of picture elements in
each picture, they must be sent very rapidly. Typical images in
television reception contain a maximum of 100,000 to 200,000 ele-
ments. When these elements are sent successively in 14q sec., it
follows that 3,000,000 to 6,000,000 elements must be sent in a
second. The problem of dissecting pictures and reassembling
them at this extraordinary rate has been solved by the develop-
ment of “cathode-ray’ devices which employ streams of free
electrons capable of moving with the required agility.

4. Scanning, an Orderly Sequence of Transmitting Picture
Elements.—No mention has been made thus far of the geo-
metrical sequence in which the picture elements are selected from
the body of the picture for transmission in the successive method.
Any convenient method of selection may be used so long as the
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same sequence is followed in transmitter and receiver. A great
variety of selection methods have been proposed and many of
them tried. The one universally adopted in television is known
as “linear scanning.”

h-
“Hair

~—-Pupif

Fi1g. 6A.—The scanning technique. The image is divided into a number of
parallel horizontal lines, each of which is explored in succession for the informa-
tion it contains. The diagram shows the values of brightness (measured with a
densitometer) at corresponding points along the line which passes directly
through the pupil of the left eye. This “waveform® represents the information
contained in that particular scanning line.

The word “scanning” arises from its similarity to the manner
in which a reader scans a page of printed type. The eye begins
at the upper left-hand corner of the page, travels along the first
line of type until it reaches the right-hand edge of the page.
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There the eye quickly reverses its motion and returns rapidly to
the beginning of the next line where it resumes its slower left-to-
right motion, traveling to the end of the line, then back, and
80 on.

A very similar motion is employed in television scanning.
The picture elements, distributed over the picture area, are
considered to lie in parallel horizontal rows, much the same as
the letters of print are arranged on a page. When the trans-
mission of the picture begins, all the picture elements present in
the topmost row are selected, one after the other from left to
right, and converted into corresponding electric pulses which
are sent successively over the communication channel. When
the first row has been scanned, the picture elements in the
second row (which lies adjacent to and just below the first row)
are selected in the same fashion, followed by the elements in
the third row, and so on, until the bottom row of the picture is
reached. In this manner, the whole area of the picture is
systematically explored for the information it contains. At the
receiver, the electric impulses are translated back again to light
impulses and these impulses are assembled before the eye in the
same scanning sequence.

The scanning process must proceed at a very rapid pace, of
course. If the eye is to see the whole picture at once, it is
necessary that the last picture element in the last row in the
array be presented to the eye while the impression from the first
element in the first row still persists in the eye, that is, within
140 sec. or less. Within this short time it is necessary, in other
words, that all the elements of the picture be so presented that
the eye sees the picture “all at once.”

The entire process is then immediately repeated, and a new
picture, differing somewhat from the first, is sent in the same
fashion. At the end of 1 sec., 30 complete pictures have been
sent. Any motion which occurs in the scene during that time
is thereby divided into 30 smaller motions which, viewed by the
eye, appear to blend smoothly and continuously one into the
next.

The fundamental picture-repetition rate in television has been
set in accordance with the frequency of the power-supply system
to which the receiver and transmitter are connected. Since
60-c.p.s. areas predominate in this country, the picture-repetition
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rate has been set at 30 per second. (The reasons for the con-
nection between repetition rate and power-supply frequency are
discussed in Chap. II.)

At this rate of repetition, flicker is quite evident even at the
low " illumination levels that may be used in the home. To-
reduce the flicker, a method somewhat similar to that used
in motion pictures is employed, that is, the duration of each
picture is divided into two intervals. In television, however,

¥1i. 6B.—Televised reproduction of the subject in Fig. 64 (441-line image).

it is not sufficient to interrupt the picture with a shutter, since
the shutter would merely obscure some of the rows of picture
elements in the image. Instead, every other row in the pattern
is scanned during the first scanning period. In the following
scanning period, the rows that were omitted from the first
scanning are scanned. At the conclusion of the second scanning
period, each point of the image has been scanned only once, but
the eye has received two light impressions from the picture area.
The picture-repetition rate is thus effectively doubled, and the
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picture information remains unchanged. This method of
scanning is known as ¢nferlaced scanning. Interlaced scanning
is now universally employed in the television systems standard-
ized throughout the world, because it has proved to be highly
effective in reducing flicker to the point where it is undetectable
under all ordinary conditions.

The interlacing technique introduces important problems in
the scanning process, the most important of which is the necessity
of causing one set of lines to fall accurately into the blank spaces
left between the lines of the preceding set. A detailed account of
interlacing methods is given in the following chapter.

Standards of Transmission in the United States—With this
brief account of the methods of picture analysis used in tele-
vision transmission in mind, we can summarize by stating the
situation as it applies to present practice in the United States,
according to the standards of the Radio Manufacturer’s Associa-
tion Committee on Television.

Each picture is scanned into a total of 441 rows or “lines,”
of which about 400 are active in presenting the picture. Each
line contains a maximum of 400 to 600 picture elements, depend-
ing on the capabilities of the transmission system. In trans-
mitting the picture elements, the odd-numbered lines (first,
third, fifth, seventh, ete.) are sent first, the even-numbered
lines being omitted. Consequently after one-half the lines
have been sent (22014 lines), the end of the first ‘“field”’ (set of
alternate lines) is reached. The scanning process then begins
again, and the even-numbered lines (second, fourth, sixth,
etc.) are sent. These lines fall into the spaces between the odd-
numbered lines previously sent. The entire process of trans-
mitting both odd-numbered and even-numbered lines occupies a
time of 14 sec., and consequently 30 complete pictures are sent
each second.

In addition to the signals representing the picture elements,
special signals are sent out by the transmitter between successive
lines and between successive fields. These latter signals are
employed to keep the receiver and transmitting scanning motions
in step and hence are called ‘““synchronizing signals.” Those
at the beginning of each line are called horizontal synchronization
signals, and those at the beginning of each field are termed
vertical synchronization signals.
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It is instructive to consider the tremendous rate of speed at
which the scanning process proceeds in the system just outlined.
The complete picture of 441 lines is sent in 14¢ sec., consequently
30 X 441 = 13,230 lines are sent each second. If the picture is
7 in. wide, this means that 7 X 13,230 = 92,610 in. are covered
in the entire scanning process every second. This is a rate in
excess of a mile a second. It is obvious that highly specialized
equipment must be used to perform the scanning process at the
transmitter and to reproduce the image lines in the receiver.

Still more astonishing is the number of picture elements
scanned in a second. In the next chapter, it is shown that if the
picture is to have the same degree of resolution in the horizontal
direction as in the vertical direction, then each line in the image
must be capable of division into abeut 400 picture elements.
Since 13,230 lines are sent in each second, this means 13,230
X 400 = 5,292,000 picture elements per second. If more pic-
ture elements are to be accommodated in each line, the rate is
proportionately increased. Rates as high as 8,000,000 picture
elements per second are used in practice.

6. Equipment Used in a Typical Television System.-—The
following rapid survey of equipment used in a typical television
gystem is presented to introduce briefly the manner in which the
principles of scanning and picture repetition are carried out in
practice.

The conversion of the scene from light to electricity occurs in a
camera tube, which performs the two important functions of
converting the optical image into the corresponding electrical
image and selecting the picture elements in the proper sequence
of alternate rows required for interlaced transmission. The type
of camera tube described here is a ‘‘storage” type known as an
iconoscope.

The essential element in the iconoscope tube is a flat plate of
mica on which are deposited several million separately insulated
hemispheres or globules of silver. These silver globules are
treated with a surface layer of cesium oxide and are thereby
endowed with the property of releasing negative electric charge
when illuminated. The scene to be transmitted is focused,
through a lens, on this plate in much the same fa.shlon as if the
plate were the film in an ordinary photographic camhera. The
light on the plate releases negative charge from the silver-cesium
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globules in proportion to the illumination falling on them. Asa
result, the plate assumes an electrical charge deficiency the
distribution of which is the same as that of the light in the optical
image. In this way, the fundamental action of photoelectrical
translation is performed, aad the optical image is translated into
an electrical image.

It then remains to dissect the electrical image in an orderly
series of horizontal lines. This is done by directing, from a side

- - —

]
|
1
. “ % - b * [ v
Fig. 8.—A typical television camera tube, the type 1849 iconoscope, now widely
used in television broadeasting.

arm in the tube, a stream of electrons at the image plate. This
stream of electrons is of very narrow cross section, and it can be
aimed accurately at any point on the plate by two pairs of elec-
tromagnetic ‘“‘deflection” coils placed externally to the tube.
The electron beam is aimed initially at the extreme upper
left-hand corner of the image (as viewed upright) and is then
moved horizontally across the upper edge of the picture, thus
tracing out the first scanning line. In passing over the silver
globules in this line of the image, the stream of clectrons restores
to equilibrium the charge previously lost by each globule. With
each restoration of charge, the electrical potential of the image
plate changes, and as a result the potential of the plate assumes
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a rapid succession of different values, each depending upon the
amount of charge restored at that particular instant. In other
words, the successive values of the image-plate potential are
measures of the brightness of the successive picture elements
contained in the first scanning line. *

At the end of its motion across the first scanning line, the elec-
tron beam is returned to the left-hand edge of the picture. Dur-
ing the forward and return motions, the beam is moved, com-
paratively slowly, vertically downward, so that by the time it
reaches the left-hand edge of the picture, its position is somewhat
below its initial position. The beam is then caused to travel
again from left to right, tracing out another line in the image,
parallel to the first, but separated from it by the width of one

Electron
scanning beam, [~ Optical lens Object fo be
FPhotosensitive 1 ‘ /?/ewsed
nosaic plate |- '/ L
Imoge of .- )P ==-—~{forizontal scanming coils
er?’/e”‘i;i gfg“ed V/',, ' e l/éf//ba/ scanning coils

Sigral ferminall : ,-" Electron gun

Collector electrode
(wall coating)

Fie. 9.—Diagrammatic view of the operation of the iconoscope camera tube.

line. The empty space between lines is later filled in by the
second interlaced field. In this way, the area of the optical
image is covered by the beam in a succession of alternate lines,
each line being separated from the next by the width of one line.

When the beam reaches the bottom of the picture, the slow
vertical motion is then stopped, the beam is extinguished and
returned while extinguished to the top of the picture. Here
it begins its scanning motion again, but this time the beam is
positioned so as to traverse the spaces between the lines just
scanned, thereby filling in the gaps. When the beam reaches the
bottom of the picture, it has then covered every point in
the area, in two series of alternaté lines. During this entire
process, the potential of the image plate continually changes
in such a way that the change in its potential at any
instant is proportional to the change in the brightness between
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the adjacent picture elements being scanned by the beam at that
instant. .

In transmitting the television program, two separate trans-
mitters are employed, one for the sound transmissions, the other
for the picture transmissions. The electrical signal from the
camera tube, with synchronizing impulses superimposed, is
impressed on a carrier current and is then radiated from the
antenna.

At the receiver, the voltages induced in the receiving antenna
by the sound- and picture-carrier signal waves are conducted
to the receiver proper. There the picture-carrier frequency is

- T

Fig. 10.—A typical television picture tube, capable of reproducing a picture 8 by
10 in. in size (screen diameter 12 in.).

geparated from the sound-carrier frequency by a superhetero-
dyne conversion process, and thereafter the two signals are
amplified separately. The sound carrier is demodulated to
restore the sound frequencies, which after amplification are
applied directly to the loudspeaker. The picture carrier is
similarly demodulated to obtain the picture frequencies. After
amplification, the picture frequencies are used to control the
image-reproducing tube. .

The image-reproducing tube (‘‘picture” tube), a typical
example of which is shown in Fig. 10, is a funnel-shaped glass
structure in the narrow end of which is contained an electrode
structure capable of producing a narrow beam of electrons.
This beam is directed toward the wide end of the tube, where it
encounters a screen of luminescent material. Where the bcam
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hits the screen, it causes a amall spot of light to appear on the
luminescent material. )

The electron beam in the picture tube is caused to move in
the same manner as, and synchronously with, the beam of
electrons in the camera tube in the transmitting studio. In the
picture tube, as in the camera tube, the direction of the beam is
controlled by two pairs of control coils (or by deflecting plates),
one of which causes the beam to move horizontally, whereas the
other causes it to move comparatively slowly in a vertical direc-
tion. The currents in the coils which cause these motions are
controlled by the synchronizing signals, which are separated

Horizorrtal Vertical Electron
scanning coil  scanning coil ¢ Scanning beam
*, Ji '.

Electron” C |~ Luminescert
qun V] screenon

inner surfirce
of tube

soanning coil |
: Wall coating
Fia. 11.—Diagrammatic view of the operation of a television picture.tube.
The scanning beam moves synchronously with the scanning beam in the camera
tube and reproduces the image point by point.

from the picture signal. As a consequence of this control, the
electron beam moves across the luminescent screen in a series of
alternate horizontal lines, forming one interlaced field imme-
diately followed by a second field which falls into the empty
spaces of the first. The spot of light, produced on the screen by
the impact of the electron beam, traces out the beam motion.
Thereby all the points in a rectangular area on the screen are
illuminated, one after the other. The process of successive
illumination of these points is so rapid that the effect on the eye is
of simultaneous and uniform illumination over the rectangular
area. Close examination of the screen shows it to be illuminated
in a series of parallel, adjacent, horizontal lines.

The reproduction of the picture is accomplished by changing
the brilliance of the spot of light as it moves across the lines of
the scanning pattern. This change of brilliance is obtained by
changing the potential applied to a control electrode in the beam-
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forming electrode structure. This control potential is derived
from the picture signal itself, which in turn is derived from the
camera tube. Consequently as the beam moves across each
line in the pattern, the brilliance of the spot is controlled in direct
accordance with the corresponding changes in image-plate
potential in the transmitting camera tube. The image-recreating
tube thus performs the process of assembling the pictulre elements
with the correct values of light and shade in the correct order of
interlaced lines. The image is thereby reproduced. The
process repeats itself at a rate of 30 complete pictures per second.

6. Technical and Economic Limitations of the Television
System.—In the present state of the art, television suffers from
several limitations which restrict the service in four respects:

1. The detail of the received image is limited to a,pﬂroximately
200,000 picture elements, regardless of its over-all dimensions.
This compares poorly with the best half-tone engravings, which
contain as many as 4,000,000 picture elements in a picture com-
parable in size with the largest unprojected television pictures
(8 by 10in.). A fine “contact” photographic print of the same
dimensions contains as many as 50,000,000 picture elements.

2. The reliable range of television transmission is less than
100 miles, with 50 miles as the useful limit in any but the most
favorable receiving locations. ‘

3. The number of television transmitters that can| be accom-
modated in the currently useful portion of the ether spectrum
is limited to seven in any area of less than 100 miles radius.

4. At present, transmitting stations cannot be linked together
in networks for the simultaneous transmission of the same pro-
gram, except at prohibitive cost and only with the installation
of large amounts of equipment not now available.

The fundamental cause of these limitations is the rate of speed
at which the television system must be operated. iThe upper
limit of transmitting speed at present is less than 8,000,000
picture elements per second in any system involving radio waves
as part of the transmission circuit. If 30 pictures are to be sent
per second, this limits the number of picture elements 'per picture
to about 260,000, of which less than 200,000 are available for
actively reproducing the picture. '

One of the reasons for the limitation of transmitting rate to
8,000,000 picture elements per second has to du with the physical

1
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ability of apparatus, particularly amplifiers and transmission
circuits, to respond to voltage variations any more rapid than
this. Progress has been made in this respect by the development
of new types of vacuum-tube structures and by the use of refined
techniques of constructing and arranging the ecircuit parts.
There seems to be no discernible restriction to the ability of the
amplifiers and circuits to go beyond these limits. It is not
impossible to conceive of a system capable of transmitting
100,000,000 picture elements per second, if present advances are
pressed to completion.

But when the transmission circuit involves radio waves, the
limitation is not only one of apparatus: it is one involving the
available space in the ether spectrum. The ether spectrum at
present open to, and reserved for, television use includes waves
in the range from 40,000,000 to 100,000,000 per second (40 to
100 Mec. per second). Another range from 100,000,000 to
300,000,000 per second (100 to 300 Me.) is available but is not
economically suitable for use with present equipment.

The standard television channel, including the sound system,
is 6,000,000 c.p.s. (6 Mc.) in width. In the ether range between
40,000,000 and 100,000,000 c.p.s., there is room, accordingly,
for 10 stations each occupying a band of 6,000,000 c.p.s. The
valid requirements of other services, notably those of the govern-
ment and of amateur operators, reduce the total to seven stations,

The radius over which each of these stations is capable of
causing interference with other stations is about 100 miles,
Hence the seven frequency assignments may be duplicated in
different geographical localities, provided that no two stations
operating on the same frequency are nearer to each other than
200 miles. In the densely populated regions such as the New
England and Middle Atlantic states, the frequency assignments
cannot be duplicated for each city, and many of the smaller
cities must therefore be satisfied with transmissions originating
in the larger cities.

The limitation of reception to comparatively short distances
from the transmitter is occasioned by the fact that radio waves
in the range from 40,000,000 per second to the upper limit of the
spectrum do not follow the curvature of the earth. On reaching
the horizon, or thereabouts, the waves glance off the surface of
the earth, tangentially, and are lost in the space beyond. By
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raising the transmitting antennas 1000 ft. or more above the
ground, the horizon may be pushed back to about 45 or 50 miles.
A slight bending effect, subject to considerable varlatlon does
occur and accounts for reception up to several hundred miles.
Beyond this limit, reception is possible only when the sl,tmosphenc
conditions are exceptional, and then only when very elaborate
receiving antennas are employed. T

The fourth named limitation, the difficulty of linking stations
for simultaneous broadcasting of the same program, |is dictated
by the fact that telephone facilities are limited to a slow rate of
handling information, much slower than is required for handling
modern television images. An experimental ‘‘coaxial”’ telephone
cable between New York and Philadelphia has been demon-
strated operating at about 2,000,000 picture elements per second
and has been rebuilt to convey a.bout 4,000,000 per second. This
is satisfactory performance for television transmission, but the
installation of the cable generally must wait for an economic
justification. Such a telephone cable will carry about 480 simul-
taneous telephone conversations and could be released for tele-
vision use only if additional facilities were available for handling
the telephone toll traffic.

Another proposal for linking television stations is that of oper-
ating radio-repeater stations between the broadcast stations.
This seems to be feasible in the r-f range between 100,000,000
and 300,000,000 c.p.s., since no frequency assignments| for them
would be ordinarily available in the range between 40,000,000 to
100,000,000 c.p.s. In any event, such repeater stations would
involve such an expense for installation and operation that they
could be installed only in response to a very evident dema,nd on
the part of the public. Short of the appearance of this! demand,
it seems likely that television transmissions will continue to be
available only on the basis of isolated stations serving u;rba,n and
suburban areas. |

1
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CHAPTER 1II

IMAGE ANALYSIS

The transmission of television images, as we have seen in the
foregoing chapter, is accomplished by analyzing the scene into
its picture elements, which are selected from the picture area in
the orderly sequence of scanning and transmitted one after the
other. Since the scanning and picture-repetition processes arc
essentially artificial ones, we can choose arbitrarily the total
number of scanning lines, the number of picture elements in
each line, the sequence of transmission of the lines, the width of
the scanning pattern relative to its height, and the rate of picture
repetition.

When only one transmitter and one receiver are involved, these
items can be decided upon without reference to the choices of
other workers. But in television broadeasting, in which many
transmitters and an even greater number of receivers are involved,
it is necessary that the scanning process be identical in all trans-
mitters and all receivers, since any receiver may be called upon
to receive images from any transmitter within range.

Consequently there exists the need for standards of image
analysis that will satisfy all workers as the best compromise
among their differing ideas and that may be used, without major
changes, for a long period of time. It is clear that such standards
cannot be decided upon without careful study of the require-
ments of the eye on the one hand and the technical means for
satisfying these requirements on the other. Such a study has
been undertaken by qualified groups of engineers in every country
where television systems are now under development.!

1The full text of the R.M.A. Television Transmission Standards is
printed in the Appendix, p. 517. For information relating to television
standards development in this country, see:

Lewis, H. M., Standards in Television, Electronics, 10, (7), 10 (July, 1937).

Mtrray, A. F., R.M.A. Television Standards, R.M.A. Eng., 1 (2)
(November, 1936).

MuRRaY, A. F., R.M.A. Completes Television Standards, Electronics, 11,
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In this country, the standards relating to the scanning pattern
are as follows: the total number of scanning lines in the picture,
whether actively employed or not, has been set at 441. In
practice, about 400 of these lines are active in the received image.
The number of picture elements in each line, determined by the
frequency-response limits of the system, usually has a value of
about 400 to 600. Fewer picture elements may be transmitted,
of course, if the subject matter of the transmission does not
contain fine detail or if the performance of the transmitter or
receiver is defective.

The sequence of transmission of the lines, as described in
Chap. I, follows the order of interlacing, the picture being divided
into two groups of alternate lines. The scanning pattern is so
proportioned that the active illuminated area of the received
picture is a rectangle having a width four-thirds times as great
as its height. The rate of picture repetition is 30 per second,
interlaced in 60 fields per second.

7. Factors Influencing the Number of Lines in the Scanning
Pattern.—We consider first the basic factors underlying the
choice of 441 lines as the standard number of lines in the scanning
pattern. The discussion must be divided into two parts: (1) the
reasons for choosing a number in the vicinity of 400 and (2)
those for choosing the exact figure, 441.

It is clear, in the first place, that the number of scanning lines
determines the number of details that can be accommodated
along any vertical line in the image, since each of the scanning
lines can represent af best but one detail on any such vertical line.
In the worst case, however, the scanning lines may represent no
vertical detail at all. To illustrate the two cases, consider Fig. 12.
The objects to be televised are two vertical bars, each containing
a number of alternate black and white segments the heights of
which are equal to the width of the seanning lines.

If the image of the bar is so positioned that the scanning beam
passes directly over a white segment, as in the bar at A, the
corresponding voltage pulse is transmitted and reproduced in the
receiver as a white spot of light. This is the best possible case;

(7) 28 (July, 1938).
WEIMBERGER, SMITH, and Ropwin, The Selection of Standards for Com-
mercial Radio Television, Proc. I.R.E., 17, 1584 (September, 1929).
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the received image A’ corresponds exactly with. the original
image A. '

But if the segments in the image are so placed with respect to
the scanning beam that the scanning beam passes directly over
the boundary between a black and a white segment, as in the bar
at B, then the average brightness perceived by the system is a
gray intermediate between black and white. The corresponding
voltage pulse produces an intermediate gray spot o’{' light in the
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Fre. 12.—Relationship of scanning lines to picture elements. If the scanning
lines pass directly over the picture elements, the reproduction A’ is like the origi-
nal 4. If, however, the scanning lines ‘““straddle”’ the picture elements, the
detail may be wholly lost in the reproduction (¢f. B’ with B). '
receiver. On the next scanning line, the beam again passes over
the boundary between a black and a white segment; the next spot
of light produced on the receiver is of a gray tone indistinguishable
from the preceding gray spot. Consequently it is impossible to
distinguish between the two spots, and the detail is entirely lost.
The received image B’, instead of being a vertical bar marked
with equally spaced black and white segments, becomes a vertical
bar uniformly gray in color.

It is evident, therefore, that the number of picture elements
that can be reproduced on a vertical line depends largely on the
position of the elements with respect to the scanning lines in the
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camera-scanning pattern. If the position of an element is such
that it is passed over completely by the scanning beam, then that
element can be reproduced, but if its position is such that it
“straddles” two scanning lines, then the detail may be partially,
or even wholly, lost.

In practice, of course, the subjects transmitted are not seg-
mented vertical bars but whole pictures containing a scattered
arrangement of picture elements, some of which fall directly on a
scanning line, others of which straddle two lines. The question
then arises, How many picture elements, on the average, can be
represented along a vertical line by a given number of scanning
lines?

Suppose, for example, that the scanning pattern contains 400
active lines and that, as might be expected, half of the 400
picture elements on a given vertical line straddle the scanning
lines and are thereby lost or merged with other elements. Then
only the remaining 200 picture elements will be reproduced accu-
rately in the received image. Whether this half-and-half division
of the elements is actually representative of the practical case
can be determined only by careful testing of different types of
subject matter.

Such tests have been made, both experimentally and theo-
retically. Engstrom and his coworkers,! on the basis of a large
practical experience, came to the conclusion that about 64 per
cent of the picture elements are, on the average, correctly
reproduced in the scanning process and that the remaining 36 per
cent are lost or distorted. According to this figure, 400 active
scanning lines are capable of reproducing, on the average, about
400 X 0.64 = 256 picture elements on a vertical line.

Wheeler and Loughren? undertook to study the problem from
a theoretical approach. They chose as their transmitted object a
nearly horizontal black line on a white background, so positioned
that the bar crossed several scanning lines, as shown in Fig. 13.
Where this bar coincides with a scanning line, its width is repro-

! EngsTroM, E. W., A Study of Television Image Characteristics, Proc.
I.R.E., Part I, 21, 1631 (December, 1933); Part II, 28, 295 (April, 1935).

* WeeELER and LovueHREN, The Fine Structure of Television Images,
Proc. I.R.E., 28, 540 (May, 1938).

See also: JesTY and WincH, Television Images—Analysis of Their Essen-
tial Qualities, Jour. Telev. Soc., 2, 316 (December, 1937).
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duced by the full width of the receiver scanning line. Where it
crosses the boundary between two scanning lines, on the other
hand, it is not reproduced at all. Consequently the reproduced
image of the bar has the irregular shape shown at the right in the
figure. Wheeler and Loughren calculated the average width
of this bar by assuming a distribution of light in each line that
occurs in practice. The calculation shows that the average
width of the bar is 1.41 times that of each scanning line. With
400 scanning lines available, therefore, only 400/1.41 = 283
horizontal bars can be accommodated on the pattern. Since
each of these 283 bars represents a picture elenrent along a

Scanning lines, Scanning lines,
4
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F16. 13.—Wheeler and Loughren’s method of determining the| vertical resolu-

tion possible from a given number of scanning lines.
vertical line, it follows that the percentage of the scanning lines
representing picture elements is 283499 = 71 per cent. This is
in remarkably close agreement with the experimental deter-
mination of Engstrom. Practical experience indicates, however
that slightly better resolution may be obtained. |In practice,
300 to 350 elements, on a vertical line, may be represented by
400 active scanning lines. The conclusion is that a scanning
pattern containing 400 active lines is capable of reproducing
accurately an image that contains from 250 to 350 picture ele-
ments measured in the vertical direction.

The Number of Picture Elements along Each Line.—The num-
ber of picture elements measured in the horizontal direction, that
is, the number of picture elements contained in each line, is not
limited by the scanning pattern at all but rather by the ability
of the transmitting- and receiving-system equipment to generate,
convey, and reproduce rapid changes of voltage and current.
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At one time, it was commonly assumed that the spacing of the
reproduced picture elements should be the same in the horizontal
direction as in the vertical direction. Under this assumption
(since the picture width is 44 times its height), 44 as many pic-
ture elements is required in each line as is accommodated in the
vertical direction, as shown in Fig. 14. If a scanning pattern
of 400 lines can represent 300 picture elements vertically, then to
fulfill this condition will require 44 X 300 = 400 picture ele-
ments in each line. The total number of picture elements in

"n U | nnnnnu n PR
]

Fig. 14.—Rela'tionship between vertical and horizontal resolution when
picture-element spacing is equal in the two dimensions. The total number of
picture elements is then 4§ X n,2, where 7, is the number in the vertical dimen-
sion and %3 is the ratio of the picture’s width to its height.

the picture area is then 300 X 400 = 120,000. Later experience
has shown, however, that more elements may be crowded into
each line, ovgr 600 in some cases, with resulting improvement
of the picture. Accordingly, as many as 200,000 picture ele-
ments may be accommodated in the picture area.

As a first approximation, then, we can say that a picture
containing 441 lines, 400 of which are active, having a width 34
times its height, can accommodate 100,000 to 200,000 picture
elements. This number of picture elements is the “figure of
merit” of the scanning pattern and may be compared with other
methods of visual representation. A single frame of 35-mm.
motion-picture film contains about 500,000 effective picture
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elements when exposed, developed and projected in the usual
fashion. The smaller 16-mm. motion-picture frames contain
about one-fourth as many, or 125,000.

The question remains, Under what conditions can a tele-
vision image of, say, 150,000 picture elements give satisfaction to
the eye? If such an image is viewed closely, the lines in the
image and the gradations of shading along each lilne are very
evident. As the image is viewed at greater and greater dis-
tances, the structural detail becomes less and less evident,
until at a certain limiting distance, the structure of| the picture
becomes indiscernible and the picture elements blend uniformly
one into the other.

To investigate more fully the desirable viewing dlsta,nce of a
400-line image, we must examine the fundamental ability of the
human eye to perceive details in the objects before it.

The Acuity of the Eye.—The term visual acusty has to do with
the ability of the eye to distinguish the details of the scene it
observes. The explanation of this ability of the eye, as we have
seen, lies in the fact that the lens system of the eye'focuses the
image of the scene on the separate rods and cones of the retina.
In the most acute portion of the retina (the fovea), each cone
is connected to a separate fiber in the optic nerve a,nd hence is
capable of registering sensation independently of its neighbors,
Each detail in the scene is registered by one cone, or by a small
group of them.

When a scene made up of picture elements is viewed by the eye,
the separate picture elements can be distinguished from one
another if they fall on separate cones. Thus, when an object is
viewed closely, the image on the retina is large, and when each
picture element occupies one or more of the separately sensitive
cones, the structure of the picture is evident. However, if the
scene is viewed at a greater distance, its image onl the retina
becomes smaller, and the picture elements may then be so
small that two or more picture elements are focused on but one
cone. These picture elements register in the brain not'as separate
elements but as one element, since only one nerve fiber is involved.
The discernible detail in the scene is thereby decreased. The
critical viewing distance is that at which this reduction in
detail just becomes evident. |

1 8ee the bibliography of references on “Vision,” end of Chap. I, p- 23.

i
. |




32 PRINCIPLES OF TELEVISION ENGINEERING [Cmar. 1l

To express the acuity of the eye in a qﬁantitative fashion, it i8
customary to express the angle subtended, at the eye, by two
picture elements that can just be d13tmgulshed from one another.
The situation is shown in Fig. 15. Two small dots, separated
from each other by a distance of 8 inches| are viewed on a screen,
and the distance d from the screen to tl'le eye is increased until
the dots are just distinguishable from one another. The angle
a subtended at the eye by the dots is then measured. When the
observer possesses a normal eye, the angle is found to have a
value of approximately 1 min. of arc. | Persons of very acute
vision may be able to distinguish the dot,s when the angle is as
small as 14 min., whereas persons of defective vision may not
be able to resolve the dots when the angle is 5 min. or more.

’
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Fia. 15. ——Quantltatlve measurement of visual acuity. The ability of the eye
to distinguish detail is measured by the angle at which the two dotas are separately
visible.

The value of 1 min. is taken simply as a convenient basis for the
average case.

We may derive a simple equation {relating the separation
between the dots or picture elements and the viewing distance d.
at which the normal eye can just resolve the dots. The angle «,
as shown in Fig. 15, is that subtended by the centers of the two
dots. This separation is ¢ cm., and the distance of viewing is d
cms. The ratio s/d is apprommatelfl equal to the angle, in
radians, subtended by the dots at the eye. This angle, at the
viewing distance d., has a value of 1 min., or }§433 radian.
- Accordingly

1
@=a8 =7 2 radians

d, = 34385 (1)
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Equation (1) states that two picture elements may just be dis-
tinguished from one another by the average eye when the viewing
distance is roughly 3500 times the distance between the centers
of the picture elements.

The application of Eq. (1) to the scanning pattem"m television
is evident from the following reasoning: We have seen that the
number of picture elements that can be accommodated in the
vertical height of a scanning pattern of 400 active lines is about
300 elements. These elements will have, in general, various
degrees of light or shade, but for convenience, we can consider
the case of 150 black elements and 150 white elements, arranged
alternately on a vertical line. When the elements are 5o arranged,
two white elements are separated by a single black element, and

w-""1
e 1 »Number active scanning lines=nq

o ,Number' active prcture elements
> in picture height =krig, |

kct =/ mincte | Observer

L a.=5876h
Screen < kn,, ]
L"—-————-——-Criﬁm/ viewing distance,dg--~~--- 4——---»!

Fic. 16.—Application of the acuity angle to the scanning pattem in television
images.

)

the question is, At what distance can these two white elements
just be dls'cmgulshed from each other by the eye? The general
expression is derived as follows:

With reference to Fig. 16, the height of the plcture area, h
inches, contains 7, active scanning lines. The number of picture
elements 7, that can be accommodated on a vertical line is
kn, where k is the utilization ratio, a number less than one, a
factor that represents the fact that some of the picture ele-
ments straddle the scanning lines and are lost or distorted. The
values of k, determined by theory and experiment, run from
0.6 to 0.95. The value 0.75 is adopted here as a convenient
basis for calculations.

We now assume that half the picture elements, or kn./2, are
black and the remainder are white. The separation between
the centers of two white elements is the height of the picture
divided by the number of white elements, or 2h/kn,. This is
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the separation corresponding to s in Eq. (1); hence we may sub-
stitute it and find the corresponding distance d. at which the
two white elements may be resolved:

6876R

d, = 3438s = T

(1a)

At this distance, the elements are resolved. At a greater dis-
tance, they appear to merge into a single element. - At a smaller
distance, no further detail is observed, and the picture structure
becomes evident. Hence d. may be considered as a ‘‘critical”’
viewing distance. This equation states that the critical viewing
distance increases with the size of the picture but decreases as
the number of active scanning lines and the utilization ratio are
increased. For example, with a picture 8 in. high, composed
of 400 active scanning lines that reproduce 75 per cent of the
picture elements adequately (h = 8, n, = 400, and k = 0.75),
the critical viewing distance becomes 183 in., or somewhat more
than 15 ft. If the picture height were doubled, the critical
viewing distance would likewise be doubled.

The direct dependence of critical viewing distance on picture*

height suggests an important ratio dc/h, which is the ratio of the
critical viewing distance to the picture height. From Eq. (la),
this becomes

d, _ 6878
kT kna (2)

By assuming, as before, that k = 0.75 and n. = 400, the ratio
becomes 6876400 = 23 times. Thus it appears that if the eye
is to be just able to distinguish two white elements separated by
a black element, the picture must be viewed from a distance
twenty-three times as great as that of the picture height. Under
such conditions, the picture area occupies a very small field of
view (2.5° measured in a vertical plane), and it would appear that
little enjoyment could be derived from viewing the picture at so
great a distance.

Practical experience with television images has shown that the
foregoing critical ratio of twenty-three times between viewing
distance and picture height is far too rigorous. Actually, viewing
ratios as low as 5 to 1 or 4 to 1 are habitually employed by tele-
vision audiences. Under such conditions, the structural detail
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of the image should be very evident, and to persons of acute
vision under éertain circumstances, the structure of the picture
is in fact quite evident. But the picture structure rarely if ever
interferes with the enjoyment of the picture, even at viewing
distances as short as four times the picture height. This is a
sharp contradiction of the ratio of twenty-three times predicted
by the use of the visual-acuity value of 1 min. of are.

Some of the reasons for this contradiction are readily apparent
when certain characteristics of television images are considered.
In the first place, the value of 1 min. for visual acuity applies
when the elements to be resolved by the eye are sharply defined
and stationary. In television images, the limitations of the
image-reproducing apparatus preclude completely sharp defini-
tion at the edges of the picture elements. Along each line of
the image, in fact, the gradations of shading that constitute the
picture elements are always more or less gradual, because the
signal causing the variations in light cannot jump instantaneously
from one value to another and also because there is a certain
amount of light spreading (halation) along the line. Sharp
distinctions in light between adjacent lines are similarly inhibited
by halation and by the fact that the distribution of light across
the width of the scanning line is not uniform. Hence the edges
of the picture elements are not sharply defined, and this circum-

" stance reduces the ability of the eye to distinguish between them.
In contrast, the edges of the printed dots in a half-tone engraving
(see Fig. 3) are very sharp, and the detailed structure of such
pictures is correspondingly more evident under a given ratio
of viewing distance to picture height.

In the second place, the picture elements in a television image
are rarely completely stationary. When the image is moving,
the ability of the eye to resolve the picture elements is very
seriously impaired, perhaps by a factor of 5 to 1. This would
account for a reduction in the desirable viewing distance by the
same ratio, or from 23 to 1 to about 5 to 1. Even during the
rare occasions, in which the image is completely stationary, a
secondary effect comes into play that impairs the acuity of the
eye to a lesser extent. This effect arises from small casual
motions of the scanning lines upward or downward from their
normal positions, because of small irregularities in the generation
and synchronization of the scanning motion. Ordinarily this
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motion i8 no more than one-fifth to one-tenth of the line width,
but it is sufficient to account for a perceptible blurring of the
picture elements, making it correspondingly difficult for the eye
to resolve them.

These image defects (lack of sharp definition and motion of the
scanning lines) actually represent a degradation of the detail in
the image, but their principal effect is in making the image
appear much smoother in texture than it would be were the
picture elements sharp and stationary. The result is that the
picture can be viewed closely without the picture elements them-
selves being individually apparent. ‘

Disregarding the structure of the picture elements, then, we
may consider the question of the scanning lines themselves. As
the picture is viewed increasingly closely, a point will be reached
where the scanning lines themselves become evident. If the
scanning lines were uniformly bright across their width and if
they were perfectly adjacent, then the scanning pattern would
provide a perfectly uniform field of light, the lines would not be
reparately discernible, and the only structure visible would be
that of the picture elements previously considered. This is, in
all probability, a highly desirable condition. However, the limi-
tations of television picture tubes prevent the formation of such
a uniform field of light, and it is found desirable to operate the
tubes so that they produce narrow lines between which a very
slight dark region is visible. Under such conditions, the lines
may be resolved by the eye if the image is viewed closely enough.

The distance at which the lines are resolved is computed as
follows: Since there are n, active lines, in a picture h in. high
the separation between the centers of adjacent lines is h/n, in.,
and the viewing distance d, at which they are resolved is, by

Eq. (1),
3438h
Na

d, =

(1p)

For a picture containing 400 active lines, the ra,tlo of viewing
distance to picture height under these circumstances d./h = 8.6
times. If the edges of the lines were perfectly sharp and if the
lines themselves were perfectly stationary, a ratio of this order
of magnitude would probably apply. In practice, the lines ordi-
narily cannot be resolved until the viewing distance is reduced to
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about four times the picture height, because of the effects of
motion and lack of sharpness just considered. Viewing distances
as short as two or three times the picture height, sometimes used
in practice, permit the lines to be seen individually under ideal
conditions, but when the image is in motion, the eye cannot
resolve them and at the same time follow the motion. Hence
the fact that a television image viewed at a ratio of 4 to 1 is
usually satisfactory to most observers. ‘

It should be pointed out that the television image is satis-
factory at such short viewing distances only because it is imper-
fect. When picture tubes and other technical elements in the
system are improved to provide sharper detail and more station-
ary scanning lines, even though the number of active lines
remains at 400, the desirable viewing distance may thereby be
increased somewhat. ’

Before leaving the subject of viewing distance and 1ts relation
to the picture height, it should be pointed out that too small a
viewing distance is undesirable, even if there is sufﬁclent detail
in the plcture to warrant it, because at short v1ew1ng1 distances,
the field of view is so large that the eye must move excessively
to cover the picture area. It must be remembered that the field
of sharp definition of the eye, corresponding to the fogea,l area of
the retina, is very much restricted and that the eye is constantly
shifting position to follow the movements in the scene before it.
When the viewing ratio becomes smaller than 3 to 1, therefore,
the observer is likely to suffer from fatigue of the eye muscles
unless the interest of the program is confined to the center of the
picture area. Such muscular fatigue has been experienced by
those who have observed a motion-picture performance from the
front seats of the theater (where the viewing ratio may be 2 to 1
or less). This fact indicates that the optimum viewing ratio is
somewhere in the neighborhood of 4 to 1, and this conclusion is
in agreement with the observed preferences of audiences in view-
ing both theater and television programs.

The matter of the required number of scanning lines has been
put to direct test by Engstrom and his associates.! | In this
work, an ingenious arrangement was set up for projecting
motion-picture film through a multiple-lens system of embossed

[
! Engstrom, E. W., Proc. I1.R.E., 28, 295 (April, 1935). ‘See reference,
p. 28. :




38 PRINCIPLES OF TELEVISION ENGINEERING [Caar. Il

celluloid in such a way that the images appeared to have a line
structure similar to that of television images. The conclusions
reached were that images of 400 to 500 lines are required for a
viewing ratio of 5 to 1 and that images so viewed are capable of
giving substantially the same satisfaction as the original film
projected directly. The lower curve in Fig. 17 summarizes these
experimental conclusions; the upper curve indicates the ratios at
which adjacent picture elements can just be distinguished sepa-
rately, i.e. the critical viewing distance is one-half that determined
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F16. 17.—Relationship of viewing conditions to the number of active scanning
lines in the pattern. With 400 active lines, the critical viewing distance is 5
times the picture height according to Engstrom’s findings (lower curve) although
predictions based on the visual acuity angle indicate a value of 11.5 times the
picture height for resolving adjacent picture elements (upper curve). If non-
adjacent elements are considered, the detail may be resolved at a distance of
23 times the picture height. The difference between theory and experiment is
explained by the effects of motion and lack of sharpness in the picture elementa.
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for resolving two white elements separated by a black element.
On the basis of these and similar findings, the R.M.A. Committee
decided upon a number of scanning lines intermediate between
400 and 500.

The exact number of 441 lines between the beginning of one
picture and the beginning of the next is based on the facts (1)
that an odd number of lines is required for odd-line interlacing
(see Sec. 9, page 49) and (2) that the number is made up of
simple odd factors (441 = 3 X 3 X 7 X 7) which make for sim-
plicity in generating the synchronizing signals and coordinating
them with the power-supply system. The details of the synchro-
nizing-signal generation system are given in Chap. IX.
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Total Number of Picture Elements in the Pattern.—The total
number of picture elements that can be accommodated in the
scanning pattern depends not only on the number of jactive lines
but also on the number of picture elements contained in each line.
Thus, if 300 picture elements are accommodated vertically by the
400 active scanning lines and if each scanning line contains, say,
400 picture elements, then the total number of pictulre elements
in the pattern is 300 X 400 = 120,000. In this case, there are
four-thirds as many elements horizontally as vertically, a con-
dition in agreement with the fact that the picture is four-thirds
as wide as it is high. In other words, under this condition the
spacing of the picture elements horizontally (the horizontal reso-
lution) is equal to the spacing vertically (the vertical resolution).
It was once thought that this equality of vertical and horizontal
resolutions was the optimum condition, since, it was Ia.rg;ued, the
satisfaction derived by the eye would be limited by|the poorer
resolution and hence the excess resolution in the other dimension
would be wasted. Experience has indicated that Ithis is not
actually the case. Within limits, the resolution in one dimen-
sion may be considerably greater than that in the other, without
waste of the picture information. Thus, as the humber of
picture elements in each line is increased above 400 (the number
required for equal vertical and horizontal resolution), the quality
of the picture improves until perhaps 700 elements are included
in each line. This fact has permitted the employment of higher
definition in the horizontal direction (which is not limited by the
number of lines) at the same time that the vertical resolution is
allowed to be limited by the number of scanning lines. With
300 picture elements vertically and 700 in each line, the total
number of elements becomes 300 X 700 = 210,000. | The figure
of 200,000 elements, which has been used in Chap. IJ represents
approximately the upper limit of which the standard 400-line
scanning pattern is capable, without waste of picture information.
Pictures employing 200,000 elements have considerably better
resolution (smaller spacing) horizontally than vertically.

A general expression for the number of picture elements that
can be accommodated in the scanning pattern may be derived
as follows. The number of picture elements in the vertical
dimension has previously been defined as kn,. For equal reso-
lutions in both dimensions, the number in thel horizontal

|
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dimension should be (w/k)(kn.). If the horizontal resolution
exceeds the vertical resolution by a factor m, then the number
of elements in the horizontal direction is (w/h)mkn,. The prod-
uct of the vertical and horizontal numbers of elements (the total
number N of picture elements in the pattern) is then

N = Smkon,? @)
On the assumption that n, is 400, that k = 0.75, that m = 1.0,
and by using the standard value of w/h = 45, N becomes
120,000. For N = 200,000, m is 1.66, that is, the horizontal
resolution is 1.66 times that of the vertical resolution. In prac-
tice, of course, other values of the utilization ratio k¥ may apply,
and the ability of the system to convey the detail in each line
may be considerably poorer than the ideal case just considered.
At present, it is safe to say that a pattern containing 200,000
elements represents the system at its best operation.

The Proportions of the Picture Area.—The ratio of the width
to the height of the picture (aspect ratio) has been set at 4 to 3,
to conform with the existing standard employed by motion
pictures. The advantage of choosing this value is that it per-
mits the televising of standard motion-picture film without waste
of any of the area of the scanning pattern.

8. The Geometry of Scanning Patterns.'—Thus far we have
discussed only the number of lines in the pattern, without
inquiring how the lines are laid down in practice. We consider
next, therefore, the geometrical form taken by scanning patterns.
First, we may state briefly the requirements to be met by the
pattern. It must be composed of two sets of alternate lines,
each set composed of an equal number of horizontal lines spaced

! For more detailed treatments of scanning theory and practice, see:

KEeLL, BEDFORD, and TRaNER, Scanning Sequence and Repetition Rate
of Television Images, Proc. 1.R.E., 24, 559 (April, 1936).

MEerrz and Gray, Theory of Scanning and Its Relation to the Transmitted
Signal in Telephotography and Television, Bell Sys. Tech. Jour., 18, 464
(July, 1934).

Somers, F. J., Scanning in Television Receivers, Electronscs, 10, (10), 18
(October, 1937).

Wison, J. C., “Television Engineering,” Pitman and Son, Ltd., Chap. III,
p. 46, and Chap. IV, p. 73, London, 1937; also extensive bibliography to
periodicals and patents.
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by the width of one line. The speed of the scanning motion
must be constant along each scanning line, in order that the
equipment shall be capable of producing the same resolution of
picture elements at any point. Finally, the scanned area must
have a width-to-height or aspect ratio of 4 to 3, and the total
number of lines, both active and inactive, must be 441.
Progressive (Noninterlaced) Pattern.—In the interests of sim-
plicity, we consider first a noninterlaced or ‘“ progressive’ pattern,
formed of a single set of adjacent, parallel lines. The pattern is
shown in Fig. 18. The scanned area has the standard aspect
ratio of 4 to 3, and the scanning spot is located initially in the
upper left-hand corner of the area, at point A.| When the
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Fie. 18.—Ceometry of the progressive (noninterlaced) scemning pattern.
Left, the active (downward) scanning interval; right, the inactive (upward)
period. The arrows indicate the direction of motion of the scanning spot.
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scanning motion begins, the spot moves at constant [speed along
the first active line (shown solid) until it reaches the right-hand
edge of the pattern. At the end of this line, the spot motion is
suddenly reversed, and the spot moves as quickly as possible to
the left-hand edge. During this retrace motion, |the spot is
inactive. This inactive motion (shown in dashed line) must be
as rapid as possible, since it consumes time that could be other-
wise used for transmitting the picture-element signals.

When the spot reaches the left-hand edge of the picture area,
it is ready to trace out the second active line. In the noninter-
laced pattern under discussion, this second line lies parallel and
adjacent to the first active line. Consequently the spot, at the
beginning of the second active line, must lie just below its initial
position, at A’ as shown in the figure.
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This position can be reached by a vertically downward motion
of the spot. The downward motion might be given to the spot
suddenly, just before the beginning of the second active line,
but such a sudden motion is very difficult to produce and to
control in practice. Instead the downward motion is given to
the spot continuously, throughout the duration of the active line
and the inactive retrace. Consequently, as shown, the active
line is inclined slightly downward to the right, whereas the
inactive retrace is inclined, to a still less degree, downward to the
left. As a consequence, when the first active line and retrace
are completed, the spot occupies the position A’ in the diagram,
and the second active line begins. Since the downward motion
persists at constant speed, the second active line lies parallel to
the first line, and the second retrace lies parallel to the first
retrace.

The sequence of active and inactive motions is repeated until
approximately 400 active lines have been scanned. By this
time, the vertical motion has moved the spot downward a dis-
tance equal to three-fourths the length of one active line (to
satisfy the 4 to 3 aspect ratio).

At the end of the 400th line, at point B, the downward motion
is suddenly reversed, and the spot is caused to move upward as
rapidly as possible. The upward motion, although fast com-
pared with the downward motion, is in practice slow if compared
with the scanning speed along each active line. The result is
that during the upward motion the spot executes several back-
and-forth motions (as shown to the right in Fig. 18), all of which
are ¢nactive. These upward back-and-forth motions constitute
the difference between the 400 active lines and the 441 lines in the
entire pattern.

At the conclusion of the upward motion, the scanning spot must
be in readiness to scan the next picture or ‘“‘frame’” and must
therefore occupy its initial position A in the diagram. The spot
will occupy this position if it has executed a whole number of
back-and-forth motions while executing one up-and-down motion.
The standard value of this ‘“whole number” is 441. In other
words, the total number of scanning motions, from the beginning
of one frame to the beginning of the next, is 441.

The number of inactive lines, which must be kept to a mini-
mum, is determined by the upward speed relative to the down-
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ward speed. If the upward speed is-rapid, the number of inactive
lines is small. In practice, the number of inactive ¢ ‘upward”’
lines is restricted to 41 or less, leaving 400 or more active lines.

Detailed Analysis of the Progressive Patter’n.—Toi analyze the
relationships in the progressive pattern more completely, refer
to Fig. 18. The scanned area has a width of w in. and a height
of hin. The spot moves horizontally to the nght during the
scanning of each active line, at a velocity of v in. per second.
It returns to the left, during the inactive retrace, atWa, velocity ka
times as fast, that is, at knvs in. per second. The! spot moves
vertically downward during the active scanning of the frame
at a rate v, in. per second and vertically upward k, times as fast,
or at k., in. per second. The total number of lines scanned
from the beginning of one pattern to the beginning\of the next,
that is, all active as well as inactive lines, is nlines. The patterns
are scanned at a rate of f frames per second; so the time between
the beginning of one frame and the beginning of the next is
1/f sec.

Of the preceding factors, the following are definitely stand-
ardized: n'= 441, w/h = 44, and f = 30. The ratio k, between
the retrace and forward speeds in the horizontal lj'irection is

43

limited in practice to between seven and ten times, whereas the
corresponding ratio k, between the upward and downward speeds
falls between the limits of 10 and 15." In addmon, for any
particular case, the width and height of the picture are specified.
With these factors given, we can calculate the sca,rlmmg speeds
v, and v, required to fulfill the given conditions, as follows:

The time consumed in each left-to-right motion is the width of
the area divided by the speed of motion, that is, w/v,. Likewise
the time consumed in each right-to-left (retrace) motion is w/kats.
Since there are n of each of these motions in the comple'oe pattern,
the time consumed for the entire pattern is

w w ‘
”(ﬁm |

But this time is also 1/f sec. Hence

F-rE+ ) SO
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from which we obtain the horizontal scanning velocity

e jnw(l + kl;.) (5)

To obtain the vertical scanning velocity v,, we proceed simi-
larly. The time required for a downward motion is h/v, sec.
and for the upward motion A/k.v,. The sum of these times
must equal the complete frame time, or 1/f. Hence

1 k. h

7=v—’+m (6)
and

=1+ 1) )

From Eqs. (5) and (7), we can compute the required ratio of
vy to v, a8

1
14 ~

n _ Y +k,. )
vy h 1 1
Tk

9

Substituting the standard values of n = 441 and w/h = 44 and
the practical values of k, = 7 and k, = 12 in Eq. (8), we obtain

Ua 4 114
v—'=441)<-§>('ﬁ)'§=620
The horizontal scanning velocity must be, under these conditions,
620 times as fast as the vertical scanning velocity.
If the picture is 6 in. high (k) and 8 in. wide (w), substituting
in Eq. (7), we obtain

v, = 30 X 6 X 1.08 = 194 in. per second
for the downward velocity. The upward velocity is
kohy = 12 X 194 = 2330 in. per second.

The left-to-right velocity o is 620 times as great as v,, or
194 X 620 = 120,000 in. per “second, and the right-to-left
(retrace) velocity is kavn = 7 X 120,000 = 840,000 in. per second.
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This latter speed is about 13 miles per second. It is evident,
therefore, that to lay down a scanning pattern pf standard
dimensions it is necessary to employ seanning agents capable of
very rapid motion.

The Number of Active Scanning Lines—The preceding sec-
tions have shown that the number of picture elements accommo-
dated vertically in a pattern depends on the number of active
lines n,, which in general are fewer than the total of 441. The
ratio of the number of active lines 7, to the number of inactive
lines n; is the same as the ratio of the upward velpcity to the
downward velocity, which is k,. Hence

Na
™ =k, l 9)

Also the sum of the active and inactive lines is the total , that is,
g +m=n (10)

Eliminating n; from these two equations, we obtain

na+%:—'=n (11)

n.,sn( 1 1) (12)
1+E ‘

Using the value of k, = 12, the last factor is 1/1.08, or 92.5 per
cent. In the 441-line picture, therefore, 0.925 X 441I = 408 lines
are active. For k, = 10, the number of active lines is approxi-
mately 400, the figure used in the preceding discussions.

The Thickness of Each Scanning Line—In order to fill the
scanning area uniformly with light, it is necessary that the lines
be just thick enough to be adjacent. In this case, the thickness
of the lines must equal the distance between the centers of
adjacent lines, which is equal to the height of the picture h
divided by the number of active lines n, present in the pattern.
Hence the line thickness £ is :

and finally

{=— (13)
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For a height of 6 in. and a pattern of 400 active lines, the line
width must be %00 = 0.015 in.

This calculation is based on a line that is uniformly bright
throughout its thickness. In practice, the lines produced by
the electron beam in the image-reproducing tube are considerably
brighter at the center than at the edges. To obtain uniform
brightness under these conditions, it is sometimes desirable
although seldom practiced to overlap adjacent lines somewhat.
In this case, the line thickness may be about 50 per cent greater
than that indicated by Eq. (13). Picture tubes currently used
have scanning spots small enough to meet the condition of
Eq. (13) and are customarily used so that the scanning lines do
not overlap.

Requirements for Picture Repetition in Progressive Scanning.—
Thus far we have considered only one individual scanning
sequence or frame. In practice, the frames follow one another in
succession, and the lines in one frame fall directly over the
positions of the lines in the previous frame. It is obvious that
successive frames must lie in this relationship if there is to be
no blurring of picture elements that remain stationary between
successive frame-scanning periods. Referring to Fig. 18, we
gee that the first frame begins with the spot in position 4 and
follows the successive lines to the bottom of the pattern, at B,
whereupon it returns to the top of the pattern. When the
downward motion recommences and the second frame starts,
the spot must again occupy the position at point A. This
requirement is met (1) by causing the spot to execute a whole
number of left-and-right motions, while one up-and-down
motion is being executed. (2) It is necessary that the distance
of travel be precisely the same in every left-and-right motion
as well as in every up-and-down motion. When these two
requirements are met, one set of scanned lines will fall exactly
on the positions held by the preceding set of lines. To maintain
an exact whole number of lines scanned during one up-and-down
motion, it is necessary that the two motions be synchronized
with each other, and this is usually done by deriving both
motions ultimately from a common timing source. The details
of synchronizing methods are treated in Chap. IX.

*9. Details of the Geometry of Interlaced Patterns,—With the
previous description of the progressive scanning pattern for
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reference, we can now turn our attention to the type of scanning -
pattern actually used in practice, that is, the interlaced type of
pattern that consists of two sets of alternate lines. The require- ’
ments for the interlaced pattern are two: (1) the lines must be
spaced from each other by the width of one line and (2) the lines i
of one set must fall accurately into the spaces between the lines !
of the preceding set. The word field has been chosen to designate |
a scanning pattern composed of half the total number of lines \
with blank spaces between them. I !
The first requirement, empty spa;ces between the lines, is met
very simply, by employing a downward scanning velocity twice
as great as would be employed in progressive scaflning. The
time available for covering the picture area is thus réduced from
140 to 1§ sec., and the spacing between the centers of the active
lines is doubled. Consequently between each pair of lines,
there is an empty space the thickness of which is equal to the
thickness of the lines on either side. The expression for the
downward velocity »,” in interlaced scanning is accordingly 2v,,
or twice that given in Eq. (7). Also, the frame repetition rate f
of 30 frames per second has been replaced by the field repetition
rate f* of 60 per second. l
It must be understood that increasing the downward (and *
upward) velocities to twice the values they would have in
progressive scanning does not mean that any more lines are
scanned in the complete pattern. The number of lines per
complete frame remains at 441, and the number of active lines
remains at approximately 400. These groups are divided into
two groups of 22014 lines and approximately 200| lines each,
respectively, which are sent successively. Essentially the only
difference between progressive and interlaced scan'ning is the
order of sequence in which the lines are scanned. In'progressive
scanning, the order is 1, 2, 3, 4, etc. In interlaced sganning, the
order is 1, 3, 5, 7, etc., followed by 2, 4, 6, 8, etec.
The second requirement of interlaced scanning, that the lines
of one field fall accurately into the blank spaces between the lines
of the preceding field, is met in a manner very similar to that
employed in causing the successive frames to fall on |top of each
other in progressive scanning. The situation in interlaced
scanning is shown in Fig. 19. The spot begins at point A and
seans half the lines in reaching the bottom of the area ‘and return-

|
|
o
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ing to the top. On commencing the second field scanning, the
spot must not again fall on point A but on point C, which lies in
the middle of the blank space below point A. Moving from
point C, the spot then traces out a pattern exactly similar to the
preceding pattern but displaced vertically downward by the
thickness of one line.

The basis of the interlacing action is this vertical displacement.
The vertical displacement can be obtained in several ways, of
which two have been employed in television development.
These two methods go by the names of even-line interlacing and
odd-line interlacing.

In the even-line system, now superseded in favor of the odd-
line method, the total number of lines in the pattern (active as
well as inactive) is an even

‘g_:__“ = ?‘%3 number, say 450. The number
%ﬁf . § of lines in each field is then

”';=2”vl ——————h p  half as many, or 225. Since
I | i the total number is an even

= '—‘*251’25  number, the number of lines in

D each field is always a whole
Fig. 19.—Even-line method of inter~- ymber. The spot starts at
laced scanning. The successive fields R : .
(light and heavy lines) are displaced pomnt A' (Flg. 19) and moves
vertically by upward and downward through a whole number of
scanning motions of unequal length. | S )
lines in reaching the bottom
and returning to the top of the area. At the beginning
of the second field, the spot then must necessarily lie at the left-
hand edge of the pattern. The spot will lie directly on point 4
if the upward motion of the spot is the same length as the
downward motion. Since the spot must occupy point C at that
instant, the upward motion is made shorter by the thickness of
one line. The spot thereby attains the level at point C and then
covers the second field. In so doing, the spot fills in the gaps
of the first field. On reaching the bottom of the pattern, at
point D, the spot then moves up by a distance greater than its
downward motion by the thickness of a line and in consequence
the spot falls at the end of the field on point A, ready to lay
down the third field exactly over the first. The sequence then
follows with the fourth field falling over the second, and so on.
The difficulty with the even-line system lies in the necessity of
forming up-and-down motions of unequal lengths and of doing
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so accurately in the required succession, Although not impracti-
cal, the system is not so reliable as the fundamentally simpler
odd-—hne system.

In odd-line interlacing, the total number of lines (active as
well as inactive) is an odd number, e.g., 441. One-half of such
an odd number is necessarily a whole number plus one-half.
Consequently each field contains a nonintegral number of lines,
eg., 22015. The spot starts from A (Fig. 20) and scans 22014
lines in traveling to the bottom of the pattern and back to the
top. On arriving at the top, ready to start the second field, the
gpot occupies the spot C, which is one-half a line to‘the right of

o, o, |
knon Ky vp,
A C A C
{ o
W ———
vp~2Up é o Z:- T‘:::’- kyvl=2kyvy
2 T e
}2 ,.:::‘__:—s—f,‘
B 3 Bl
Active fields Inactive fields
(downward) (upward) l

Fie. 20.—The odd-line method of interlaced scanning, now standard in the
United States. The upward and downward scanning motions are of equal length
(¢f. Fig. 19) and the number of lines in each field is a whole number plus one-half
(22034 lines for a 441-line pattern).

|

point A. Now if the spot is exactly on the same level with the
spot A, as shown in the figure, the spot must lie above the first
line in the first field by the thickness of one line. From this
position, it is then ready to scan out an additional 2204 lines in
reaching the bottom of the area and returning to the top. At
the conclusion of this motion, it has scanned a whole number
(441) of lines and in consequence returns to point A4, ready for
the third field, which will then fall directly over the first field,
as it should.

To preserve the interlaced relationship in this lmethod of
scanning, it is necessary that every up-and-down motion be of
precisely the same length. This condition is easier to achieve in
practice than the unequal lengths required in even-line scanning.
A further requirement is that the timing of the beginning of
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each field be accurate. In beginning a field, the spot must lic
exactly on the same level with, and one-half a line distant from,
the beginning of the previous field; otherwise the two sets of
lines, as shown in Fig. 24, will partially overlap at one side, and
a gap in the pattern will be left at the opposite side. The result
is known as ““pairing” of the lines.

Summary.—To summarize the fundamental relationships in
the odd-line interlaced pattern, we may state the following defi-
nitions and equations: The total number of lines 7 in each frame
is 441. The total number of lines n’ in each field is n/2, or 22014.
The aspect ratio of the active pattern is w/h = 44. The frame-
repetition rate f is 30 per second. The field-repetition rate f’ is
60 per second. The retrace scanning velocity is k, times as
rapid as the active-line scanning velocity; the practical values
of k; lie between seven and ten times. The upward velocity is
k, times as rapid as that of the downward velocity; the practical
values of k, lie between 10 and 15.

The active-line scanning velocity v is the same as in progressive
scanning

0= fnw(l + Icl;.) (5)

The vertical (downward) frame scanning velocity is

v = f’h(l + kl) (14)

which is twice as rapid as that in progressive scanning,.
The thickness of the active scanning lines is the same as in
progressive scanning

ey ' (13)

where n, is the total number of active lines in each frame, equal
to twice the number of active lines in each field. The number of
active lines in each field n,’ is

P | 1 1
e = ghe = gnf —— (15)

2
1+
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10. Factors Influencing the Picture-repetition Rate.'—In the
preceding discussion, we have concerned ourselves principally
with the description of single frames or fields. We must now
consider the rates of repetition of the fields and frames as well
as the rates at which the scanning lines and picture elements
must be produced by the system.

The number of complete pictures or frames sent per second
has been standardized by the R.M.A. Television C?mmittee at
the value of 30 per second. In choosing this value, the com-
mittee was forced to choose between a lower value, which would

entail the problems of flicker and improper representation of

motion in the image, and . higher value, which would make
necessary a correspondingly higher rate of transmitting the pic-
ture elements. .

A picture-repetition rate of 24 per second was seriously con-
sidered at first because this rate coincides with thels previously
established standard in motion pictures. However, a more
important consideration was found in the effect of the power-
supply frequency. The majority of receivers in this country
must be operated on 60-c.p.s. power systems. Since the rectifier

and filter circuits employed to convert the alternating current

to direct current are never complete in their action, there is
always a small residual 60- or 120-c.p.s. a-c ripple in' the voltage
supply that operates the scanning and synchronizing circuits in
the receiver. If the rate were 24 per second, the ﬁelld-repetition
rate in the interlaced fields would be 48 per second. The
120-c.p.s. ripple would interfere with the 48-c.p.s. field-repetition
rate, since the cycles would concide only once in every 144 sec.,
being to some degree opposed at all other times. Although this
opposition could be reduced to a negligibly small degree by ade-
quate filtering in the rectifier circuits, this precedure involves
additional costs. If on the other hand, the pi'cture—frame—
repetition rate were set at 30 per second, the ﬁeld—re}')etition rate
would be 60 per second. The power-supply ripple|would then
coincide with the 60-c.p.s. synchronizing signals at every cycle.
In practice, this reasoning is borne out by the fact that the
maintenance of proper synchronism with a repetition rate of 30
is far more reliable than with a rate of 24 per second, when the
power supply is 60-c.p.s. Accordingly the value of 30 frames per
1Kell, Bedford, and Trainer. See reference, p. 40.

- e R
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second has been standardized. In areas served by 25-c.p.s.
power systems, the standard is open to question. In this case,
since the repetition rate is set at 30 per second, adequate filtering
must be provided to avoid interaction between power-supply
and synchronizing signals.

The standard picture-repetition rate of 30 per second is the
basis of the rate at which the entire transmission system operates.
Since the 441 lines must be sent in the frame-repetition interval
of 14 sec., it follows that 30 X 441 = 13,230 complete lines and
retraces must be formed each second. In the interlaced patterns,
the field-repetition rate is 60 per second, but since each field
contains 22014 lines, the product is 60 X 22014 = 13,230, the
same value in progressive scanning. It follows that in deflecting
the scanning beam horizontally, the currents that flow through
the magnetic deflecting coils (or the voltages applied to the
deflecting plates, if these are used see page 132) must oscillate
at a rate of 13,230 c.p.s. For the vertical motion, a rate of
60 c.p.s. is required for the interlaced field-repetition rate of 60
per second.

11. The Rate of Transmission of Picture Elements.—We
consider now the central factor in the operation of a television
system, the maximum rate at which the picture elements must
be transmitted. To calculate this figure, we must return to
the number of active lines in the pattern and the number of
picture elements in each.

The general expression for the rate at which the picture ele-
ments are transmitted is derived as follows: First we obtain the
maximum number of elements per line. This number of picture
elements n, must equal the number of picture elements vertically
kn. times the aspect ratio w/h, times m, the ratio of horizontal
resolution to vertical resolution. That is,

Ny = hu‘)m’cna (16)
where k is the utilization ratio and n, is the number of active
scanning lines. But by Eq. (12), the number of active lines n, is

ne=nf—2) (12)
1+ %.
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Hence, substituting, ‘
: (17)

w 1
m=h—mkn< 1)
1+E l

Next we must find the time consumed in transmitting these na
picture elements. This time ¢ is equal to the width of the picture
w divided by the horizontal scanning velocity va, that|is,

h=2 ‘ (18)

But by Eq. (5), which applies to interlaced scanning, lv;. is

n = an(l + El;) _ ‘ (5)

Hence substituting, |

b= — )
Tl + —)
. f’?( ke i
The maximum rate B at which the picture elements are sent is

the maximum number of picture elements per line divided by
the time in which the line is scanned, that is, na/tx. Hence

1
N L
=2 = Fmign{ — —c)
1 ot 2 ,

For the values (w/k) = %3, m = 1, k = 0.75, f = 30, n = 441,
kx = 7, and k, = 12, R becomes 6,150,000 elements per second.
In other words, the entire television system from camera to
picture-reproducing tube must be capable of generating, convey-
ing, and reproducing voltage and current variations at a rate
faster than 6,000,000 per second. ]

The expression for R commonly used is
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which omits the last factor in Eq. (20). It will be noticed that
this latter cxpression assumes equal values of k, and k,, since the
last factor in Eq. (20) becomes unity in this case.

12. Defects of Image Analysis.—It iz obvious that there are
many opportunitics in the secanning process for defects to appear
in the received image. Such defeets have to do cither with the
relative brightness of the different picture elements or with their
positions. The relative intensity of the picture clements is
determined almost entirely by the ecleetrical performance of the
transmitting and receiving equipment and is consequently dis-
cussed in Chap. V. The position of the picture elements is
controlled, on the other hand, entirely by the scanning processes
at the transmitter and receiver.

Scanning spot” B
7 0 /
i .Prcture element e/g g/;:;

Tarsmiter O® 09 @ © ® € 6O @
l l l l l l 1 Reproduced

element

Receiver O @ @ @O @O & O

Fig. 21.—Aperture distortion in scanning. As the scanning spot PASSes over
the picture element, the scanning spot in the receiver gradually changes from
white to black, and the reproduced element (lower right) is broadened and
indefinitely outlined.

In discussing crrors of the position of the picture elements, we
treat first the crrors that may occur in conneetion with a single
line of the image. These may be classed as errors duc to aperture
distortion, linear displacement, and nonlinearity of scanning.

Aperture distortion results from the fact that the scanning spot
in the transmitter is an area of appreciable width. Figure 21
shows such a spot crossing a solid black picture element in the
image to be transmitted, the picture element being of the same
size as the scanning spot. When the spot reaches the edge of
the picture element, the change in image-plate potential begins.
Thereafter the change in potential increases until the picture
element lies wholly within the scanning spot. The potential
then decreases until the spot has moved wholly from the picture
element.

At the receiver, when the change in image potential is converted
into a corresponding change in brilliance on the receiving-tube
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screen, the received picture element will be broader than the
original element. This broadness is caused by the fact that the
width of the transmitting scanning spot is of the same dimension
as the width of the original picture element. This form of
distortion is minimized by the use of a very narrow scanning
beam, one whose width is considerably smaller than that of the
picture elements which the scanning pattern is capable of
handling. The effect may also be minimized by electrical means,
in circuits that emphasize the change from black to white.
. Linear displacement occurs when one whole line in the image is
displaced bodily with respect to the rest of the pattern. All
the picture elements contained in this line are then out of position
by the amount of the displacement. If the displacement is
small, the effect may be noticeable only as an indefinite loss of
detail, but if it is greater than the width of one or fwo picture
elements, and especially if it occurs in several lines in the image,
the effect can be definitely identified. Linear displacement may
be controlled by proper design and adjustment of the d¢ircuits that
produce the current or voltage used for deflecting the electron
beams in transmitter and receiver. It is necessary that the
maximum amplitude of each cycle in the deflecting] voltage or
current be the same and, further, that the duration and timing of
each successive cycle be accurately the same as those preceding
it. It is this latter requirement that brings with it the need for
accurate synchronizing signals at the beginning of each line.
These matters are discussed more fully in Chap. IV.
Nonlinearity of scanning arises from an inconstant speed of the
scanning spot as it moves across each line. It is neaessary that
the scanning spots in transmitter and receiver move simul-
taneously across each line in the image so that their positions
in the line always correspond. If the transmitter scanning spot
moves faster than the receiving scanning spot, then Ithe picture
elements in the received image will be ‘“bunched,” as shown in
Fig. 22, whereas if the receiver spot is faster, the elements will be
“spread,” as shown. To avoid both effects, the motion is made
uniform throughout each line, in both transmitter and receiver.
If either transmitter or receiver or both get out of adjustment, so
that the scanning rate is not uniform, bunching or sp{'eading will
occur. Usually the effect is such that the bunchin'g occurs at
one side of the received image, and the spreading occurs at the
I
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Fie. 22.—Bunching and spreading of picture elements, the result of disparity
between the scanning velocities in transmitter and receiver.

C D
Fia. 23.—8canning defects characteristic of the pattern as a whole. A and
B result from nonlinear vertical scanning, C from linear displacement, and D from
variations in the horizontal scanning amplitude.
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other side. Control of this defect is obtained through the design
and adjustment of the deflecting current or voltage generators.

Defects Involving the Scanning Pattern as a Whole.—Errors in the
positions of picture elements that involve more than one line are
usually characteristic of the pattern as a whole. Several of the
common defects in progressive scanning are illustrated in Fig. 23.
In Fig. 234, nonlinearity of the downward motion of the scanning
spot causes the upper lines to be spread apart farther than the
lower lines. In Fig. 23B, a different type of nonlinearity causes
an alternate bunching and spreading of the lines. This defect
arises from 120-cycle power-supply rip]l)le voltage superimposed

l
RN Scanning line of first field
7 . l,. 0
7777 Scanning line of succeeding field
I

SSEHSNUNN
\\\\\\\\\\\\\\\\\\>\\‘\\\\\\\\\\\‘

S O i

Vi

Proper interlace Pa'lr'ed interiace

F1a. 24.—Pairing of the lines in successive interlaced fields which results from
improper timing of the vertical scanning motions, or from irregularity in the
vertical scanning amplitude.

on the vertical deflecting voltage or current. The defect in Fig.
23C is due to a similarly superimposed' ripple on the horizontal
scanning voltage or current, causing a regular displacement of
lines. Another somewhat similar form' of distortion, but not a
true displacement, is shown in Fig. 23D, a distortion due to
regular changes in the amplitude of 'the horizontal scanning
motion.

In interlaced patterns, all the defects shown in Fig. 23 may
apply separately to each individual field. In interlacing, more-
over, a very important and difficult-to-correct defect is that
called ““pairing,” shown in Fig. 24. As previously stated, this
defect occurs if one field does not fall Iaccura,tel‘y ml the spaces
left in the previous field. It is possible, in an exfreme case,
that each successive field may fall in the same position. This is
complete pairing of the lines, and the effective scanning pattern
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is one-half the total number of lines, Partial pairing is more
common. In odd-line interlacing, partial pairing results usually
from inaccurate timing in the successive fields. If the beginning
of the downward motion in a given field is delayed by a very small
fraction of the line-scanning time, the spot will start scanning, not
midway between two of the previously scanned lines, but nearer
to one of these lines than the other. This causes a vertical
displacement of one field relative to the preceding one, and the

Wa2XxBS
NEW YORK

F16. 254.—Test chart employed by station W2XBS, the NBC transmitter
in New York City. The chart reveals imperfections in scanning amplitudes or
linearity, in the degrees of vertical or horizontal resolution, and in the rendition
of tonal values. The numbers have been added to show the values of resolution
on the wedges of converging lines.
displacement is carried out through the whole of the field. The
lines in the two fields, instead of sharing the scanned area equally,
overlap to some extent and leave blank, to the same degree, the
spaces between lines. .

13. Charts for Testing Image Characteristics.!—It is difficult
to determine the cause of imperfect reproduction of scanned
images if the image is moving rapidly and is not familiar to the

! BepForp, A. V., Figure of Merit for Television Performance, R.M.A.
Eng., 2 (1), 5 (November, 1937); also RCA Rev., 8, (1), 36 (July, 1938).
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viewer. Accordingly, several forms of static test charts have
been devised for use in testing the resolution and geometrical
form of the received image. One of the simplest patterns is
shown in Fig. 25. It consists of two large concentric circles
(the upper and lower parts of the outer circle arc missing).
The radius of the outer circle measures the width of the picture,
that of the inner circle, the height. The ratio of the radii of

u:w YORK

Fic. 25B.—Televised reproduction of the chart in Fig. 254, photographed
from the monitor picture tube in the NBC studios. The resolution of the wedges
is substantially complete, representing ‘‘350-line’’ performance. Note, however,
the indefiniteness of the inner portions of the horizontal wedges, indicating that
400 active scanning lines are just barely able to reproduce 350 picture elements in
the vertical direction.
the circles is equal to the standard aspect ratio of 4 to 3. If
the scanning patterns are adjusted at transmitter and receiver
so that these circles have a true circular form, then it follows
that the aspect ratio of the received image is correct. If the
circles have an elliptical shape, the pattern is too wide when
the main axis of the ellipse is horizontal, too narrow when
the axis is vertical. If the circles have an egg-shaped outline,
then the rate of scanning is nonlinear, in the vertical direction
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when the axis of symmetry of the “egg’ is vertical and in the
horizontal direction when the axis is horizontal.

Within the outer circles are three smaller concentric shaded
areas, the density of shading of which is divided in three shades.
If the system is adjusted so that the apparent difference in
brightness between each shade is the same, then the relative
brightness of the image elements is in proper proportion from the
shadows to the high lights.

Fi1G. 26.—Televised reproduction of an early form of test chart. The vertical
resolution (horizontal wedge) is slightly better than 300 lines, whereas the hori-
gontal resolution (vertical wedge) cuts off rather sharply at 300 lines.

Above and below the innermost circles are two ‘“wedges”
composed of black and white lines, the purpose of which is the
testing of the horizontal resolution of the picture elements in
the pattern. The lines are spaced so that the width of each line
corresponds to a definite fraction of the picture height. The
denominator of this fraction is known as the resolution in ““lines.”
If the wedges are completely resolved on the received image, the
inference is that the horizontal resolution exceeds 350 lines (that
is, a line 1/350th as high as the picture is resolved). If only
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the outer portions of the wedges are resolved, then the resolution
is less than the maximum, as indicated by the numbers on the
figure. If the left and right wedges are resolved, in similar
fashion, then the vertical resolution has the value indicated.

A somewhat similar chart, much used in early work, is shown
in Fig. 26. Here the outer circles have the same significance
as in Fig. 25. The vertical and horizontal wedges of converging
lines indicate the degrees of resolution. To test the vertical
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Fig. 27.—The **12-square’’ test chart used in prnductlon testing of camera
tubes, picture tubes, and overall system performance. The fractions indicate
the degree of shading, while the numbers 1, 2, and 3, indicate resolutions of
100, 200, and 300 lines in the wedges.

resolution, the observer sights along the horizontal 'wedge until
the lines are no longer separated. At this point, the degree of
resolution is indicated by a corresponding number, which gives
the separation of the converging lines at that point in the wedge.
The same procedure is used with the vertical wedge to determine
the horizontal resolution. |

Figure 27 shows a more comprehensive type of chart used in
developing camera tubes and image tubes as well as in testing
gystem operation. The chart consists of 12 large squares, each
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of which is divided into 4 smaller squares. Each of the 12 large
squares is identical with all the others. Consequently 12 equal
portions of the scanned area are examined independently, and
the detection of defects is correspondingly localized. Each
major square contains four wedges of converging lines, two
vertical and two horizontal. The most open part of the larger
wedges has a resolution of 100 picture elements per picture
height. The narrow edges of the same wedges have a resolution
of 200 elements, as do the wide edges of the smaller wedges. The
narrow edges of the smaller wedges have a resolution of 300
elements. The chart indicates relative half-tone intensity as
the small shaded areas surrounding each small wedge. The
degree of shading, relative to black as 1, are 14, 14, and 34 around
the vertical small wedges, and 0, 34 and 24 around the horizontal
small wedges. The geometrical properties of the image are
indicated by the shape of each of the main and subordinate
squares. The aspect ratio is indicated by the fact that there are
four squares across the image, three in its height. Consequently
if each of the squares has equal sides, the aspect ratio of the
reproduction is correct. Nonlinearity in either direction is
indicated by a gradual change in shape of the squares. The
orthogonal character of the pattern is indicated by the shape of
lines bounding each square.

In all the patterns shown, the phenomenon of pairing in inter-
laced patterns is shown on the wedges indicating vertical resolu-
tion, as an uneven appearance of the line widths near the region
of maximum resolution,




CHAPTER 1III

FUNDAMENTALS OF TELEVISION-CAMERA ACTION

The television camera, through which the televismn program
begins its journey from studio to audience, has ’chree important
functions: (1) It must be a viewing device, capable 'of forming
an image of the scene beforeit. (2) It must be an 1ma,ée analyzer,
capable of dissecting the image into picture elements. (3)
It must be a photoelectrical conversion device, capable of generat-
ing a chain of electrical impulses that correspond to the picture
elements.

We begin with the optical aspects of television-camera action.
These optical aspects include the source of light, the objects to
be televised, and the optical viewing system of the camera. The
relationships among these elements may be treated by the
elementary illumination theory discussed below.

14. Elements of Illumination Theory.'—The importlant quanti-
ties describing a source of light are its candle power and the color
composition. The color aspect is most conveniently, treated in’
connection with the color response of the camera. Conse-
quently we defer any statement of the color relatlonshlps and
consider first the candle power of the source.? The ca,ndle power
of the source is a numerical measure of the rate at which the
source produces visible energy. It must be remembered that all
incandescent sources, including the sun and filament lamps,
radiate a great deal of energy that is not visible to the eye. The
candle power is concerned only with that part which produces
the sensation of light in the mind of the observer.

1 An excellent treatment of practical illumination engineering is to be
found in Parry Moon, “The Scientific Basis of Illumination Engineering,”
McGraw-Hill Book Company, Inc., New York, 1936. -

2 The candle power depends upon the color composition, of course, so that
the two concepts cannot properly be separated, except for convenience in
exposition. The term candle power, as ordinarily used, relates to a visual
comparison between the given source and a standard :-n)urce,I that is, to a
simple photometric balance between sources of nearly the same color
composition. '

63
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The unit of candle power is the standard candle, which is a
specified fraction of the visible power radiated by a group of
45 carbon-filament lamps preserved in the U. 8. Bureau of
Standards, when the lamps are operated at a specified voltage.
Originally, the standard candle was the amount of light power
radiated by a tallow candle of specified composition and shape.
A unit intimately related to the standard candle, and widely
employed in practice, is the lumen. The lumen is the amount
of luminous flux radiated within a unit solid angle (one steradian)
from a source of one candle. In accordance with this definition,
a source of one candle radiates a luminous flux of 4x = 12.57

Fic. 28.—Light flux radiating from & point source. As the illuminated areas
A1, A, and A; are removed from the source, the light flux available in the given
solid angle is spread over larger and larger areas, with resuiting decrease in
illumination.

lumens. It is customary to rate light spurces in humens, as well
as in candles.

Of equal importance with the rate at which a source emits
visible energy are the directions that the light flux takes as it
flows away from the source. As the light flux travels away
from the source, the rays of light may diverge, converge, or
remain parallel, depending on the nature of the source and the
shape of the lenses or reflectors, if such are employed to direct
the light.

One simple type of source commonly used as a basis for cal-
culations is the “point” source, the dimensions of which are
small if compared with the distance at which it is viewed. If
such a point source exists in free space (see Fig. 28), the light
flux flows away from it equally in all directions, spreading out
into larger and larger volumes of space as it flows away from
the source. In consequence of this spreading action, the energy
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density in the light beam decrecases as the square of the distance
from the source. If such a concentrated source is fitted with a
reflector, on the other hand, the rays are confined allong a nar-
rower path, as for example in the ordinary automobile head lamp.
Depending upon the nature of the reflector and lens system, the
rays in the beam can be made to diverge, converge, or remain
parallel. If they diverge, the energy density in the light beam
decreases as the light flows away from the source; if they remain
parallel, the energy density remains constant except for the
energy absorption in the transmission medium.

The ability of a light beam to illuminate an object|is in direct
proportion to the flux density of the beam as it falls on!the object.
Consequently it is of importance to be able to determine the
flux density in the beam. This determination is conveniently
carried out by computing or measuring the number of lumens that
fall on the illuminated object and dividing by the area that is
illuminated. Illumination is thus measured in the unit lumens
per square foot, the common name of which is the foot-candle

Objects so illuminated may reflect, transmit, or absorb the
light that falls upon them. If they reflect or transmit any light,
they become light sources in themselves. The candle power of

. such ‘“‘secondary’ sources is usually measured in qa'ndles per
square foot (or in millilamberts = 3.38 candles per square foot)
and is referred to as the surface brightness of the object in
question. The total number of lumens ema,nating\ from the
secondary source may be computed and employed in further
calculations in the same manner as if the source were'a primary
source of light.

The symbols commonly employed for these quantittes are as
follows: l

Candle power (or intensity) I candles

Illumination E lumens per square foot or foot-candles

Light flux F lumens

Brightness B candles per square foot '

The basic relationships are as follows: If a point source has a
candle power of I candles, it radiates a flux F of |

F = 4xI lumens | (22)

If F lumens of light flux fall uniformly on an object the area of

which, when projected in the direction of the source, is A sq. ft.,
|
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the illumination E of the object is
E = % lumens per square foot or foot-candles (23)

If the object so illuminated reflects light, the amount of light
reflected is measured by the reflection coefficient R of the object.
Colored objects reflect certain colors better than others, that is,
the reflection coefficient varies with the color of the light. In
computing the amount of reflected light, it is necessary, there-
fore, to use the value of R that applies to the particular color or
combination of colors present in the illumination.?

Two types of reflection are of interest. The first, specular
reflection, occurs from mirror surfaces and obeys the law that the
angle of the reflected rays with respect to the surface is the same
as the angle of the incident rays. In this case, the surface
brightness B is

B = RE candles per square foot (24)

where R is the reflection coefficient (applicable to the color com-
position) of the illumination E (in foot-candles). - This value of
the surface brightness applies, of course, only in the path of the
normally reflected beam.

The second type of reflection, of much more general occurrence”

in studio practice, is diffuse reflection, in which the incident rays
are scattered by the reflecting object. In this case, the reflected
light may be seen from any angle, and the apparent brightness
depends only on the illumination, regardless of the direction
from which it is viewed. Under these conditions, the surface
brightness of the object is

B = RTE candles per square foot (25)

Here the factor = takes into account the diffuse nature of the

1 In some cases, the reflection coefficient is plotted as a curve against the
wavelength (color) of the incident light. When such a curve is available,
the over-all reflection coefficient relative to a given source of illumination
may be arrived at by multiplying the coefficient curve by the curve repre-
senting the color content of the source. The “‘over-all” reflection coeffi-
cient may be taken as the average ordinate of this product curve divided by
the average ordinate of the color content curve. The multiplication of color-
response curves is discussed more fully on p. 77.
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reflected light. This relationship is approximate only, since in
most practical cases the reflection coefficient varies with the
angle of incidence, but it may be used far many of the conditions
commonly encountered in studios.

Similarly, if an illuminated object transmits light, the bright-
ness of the object is measured by the transmission coefficient
T as

B = TE candles per square foot (26)
If the transmission diffuses the light, the brightness is

B = g candles per square foof (27).

Calculating Illumination and Brightness.—In performing cal-
culations based on the preceding relationships, the initial problem
is that of computing the number of lumens which fall upon the
illuminated object. This computation is based on ‘the candle
power of the source, on the divergence or convergence of the rays
in the beam, toggther with the absorption properties of the
transmission medium,

For example, consider a point source the dimensions of which
are small when compared with the distance to the illuminated
object (Fig. 28). In this case, the rays diverge equally in all
directions, and it is simple to calculate the number of lumens
intercepted by the projected area of any object in the path of the
light. If the source has a power I candles and is located a
distance D ft. from an object the projected area of which is
A sq. ft., then the number of lumens intercepted by the object is

IA

F = Dt lumens (28)
and the illumination is
E= DI—, foot~-candles (29)

If the source is not a point source, the divergence or conver-
gence of the rays depends upon the extent of the source and the
geometry of its luminous surface. Exact calculations in this
case are difficult, so it is usual to treat most basic sources of light
as point sources, subject to the rule that the distange between
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source and the illuminated object shall be at least five times that
of the greatest dimension of the source.

The use of reflectors and lenses, to confine the output of a
source to the direction of greatest use, introduces additional
geometrical computations in determining the number of lumens
intercepted by an object. Usually it is possible to determine
the number of lumens of light flux which are reflected by the
reflector, or transmitted by the lens, and which form the total
content of the beam. Then the area of the object illuminated,
projected in the direction of the source, is compared with the
whole area of the beam, measured at the plane of the projected
area. The number of lumens intercepted by the object F,
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Fia. 29.—Action of a parabolic reflector. The rays to the right of source
diverge, whereas those to the left are reflected in a parallel beam. The illumina-
tion caused by the parallel beam is independent of the distance from the source
(except for absorption in the transmission medium).

is to the total number of lumens ¥, in the beam as the projected
object area A, is to the beam area A4,, that is,

F, A,

F.-Z (30)
This assumes, of course, that the light is uniformly dis-
tributed throughout the beam. If this assumption is not justi-
fied, then the calculations are so involved that they are seldom
attempted, and direct measurements must be made.

To illustrate these relationships, consider a source of 1000
candles (12,570 lumens) mounted in a reflector that reflects all
the light uniformly in a conical beam the solid angle (as meas-
ured on a bisecting plane) of which is 45°, as shown in Fig. 30.
The object illuminated is a perfectly diffusing white placard
the reflection coefficient B of which (specified for the color
composition of the source) is 0.8. The placard is placed a dis-
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|
tance D 15 ft. from the source and so oriented that its projected

area in the direction of the source is 1 sq. ft. We are 'to find the
illumination of the placard and its brightness. |

The 12,570 lumens are distributed uniformly over the 45° solid
angle. In the plane of the projected area of the object, this solid
angle includes an area of about 100 sq. ft. (This area is that
subtended by the 45° solid angle at a distance of 15 ft.) The
object (area 1 sq. ft.) thus intercepts L 9o of the total number
of lumens, hence F, = 126 lumens. The area in the direc-
tion of the source is 1 sq. ft., consequently the illumination E

¢Lamp and reflector |

S

Placard':
o"Area=/sq.
R=08

Fig. 30.—Illumination of a reflecting placard. The observed brightness
depends on the distance D from the light source, and on the reflecting coefficient
R, as well as on the geometry of the reflecting system.

of the object is 126 lumens per square foot. The brightness of
the object is then

ER 126 X 0.8

B ==—=

% 3.14

= 32 candles per square foot

It should be noted that this simple solution depends upon
perfectly diffuse reflection from the object. In usual studio
practice, of course, conditions are not so idealized, and the com-
putations are often dispensed with in favor of measuring the
surface brightness in the desired direction by means of a photo-
electric exposure meter. The preceding example serves to
illustrate the factors that must be controlled if unsatisfactory
lighting conditions prevail.

Iilumination of Camera Plate.—The surface brightness of the
object has been emphasized in the preceding paragraphs because
it is the quantity that determines the illumination received by
the photosensitive plate in the television camera. It can be
shown that the illumination of this plate depends upon four
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factors (see Fig. 31): the surface brightness of the object, the
size of the lens opening, the transmission coefficient of the lens,
and the angle the rays make with the optical axis of the lens.
The complete relationship among these quantities can be stated
as follows: '

4
E, = %Tc"s" foot-candles (31)

where E, is the illumination of the plate, in foot-candles, pro-
duced by an object of surface brightness B in candles per square
foot, through a lens system of transmission coefficient 7, when
the aperture (stop opening) of the lens is f and 6 is the angle

.Lens: .
{ Transmission =T OZ;C; ~
Angle fo optic i Stop opening=f por

axis =6,

Optical axis”
“Image point
Mumination=Ep

Image plane .
(sensitive plate) Camf/ra Object plane
wa

Fie. 31.—Illumination of a camera plate. When the brightness of the objeci
is known (¢f. Fig. 30), the illumination of the plate can be calculated from the
lens stop opening and its transmission.

between the light rays in question and the optical axis of the
system. Since this equation is too complicated to be used in
practice, it is useful to average the effect over angles () up to,
say, 156° and to insert a representative value of transmission
coefficient 7' (say 0.75). In this case, the relation becomes

E, = %3 foot-candles (32)

The f/ number is familiar to all photographers; it is the ratio of
the principal focal length of the lens to the diameter of the lens
opening. Its values range from 1.5 to 64 or higher in photo-
graphic work. Values from 2 to 10 are usual in television.

To return to the foregoing example, in which the surface
brightness of the object in the direction of the observer was
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found to be 32 candles per square foot, it follows that if this
object is viewed by a camera employing an aperture of f/4.5,
the illumination on the plate would be 0.5 X 32/ (4.5)%, or
roughly 0.75 foot-candle.! .

Light Fluz Contained in a Picture Element.—The remaining
question is to determine the number of lumens falling on a single
picture element on the camera plate. This is an important
quantity because the amount of current available from the pic-
ture element (that is, the amplitude of the current impulse
corresponding to the picture element) depends on the number of
lumens contained in the element.

Image plafe:
-/Area =Ap
Number elemerds =N

INlumination=Ep

Te. 82.—Light flux contained in a single picture element, computed from the
illumination and the area of the element.

To determine the lumens from the illumination falling on a
picture element, we use Eq. (23) as follows (see Fig. 32):

= Ak
F="% (33)

where F is the number of lumens falling on a picture element
illuminated by E, foot-candles, N is the total number of picture
elements, and A, is the plate area in square feet. Suppose, for
example, that the number of picture elements is 150,000, that
the plate area is 12 sq. inches, and that the illumination of the

1 The plate illumination decreases with the magnification of the image.
The decrease in illumination is important if the magnification is greater than
one-tenth (that is, if the size of the image on the plate is greater than one-
tenth the actual size of the object). Magnifications greater than this are
sometimes encountered in close-up work. In this case, the plate illumina-
tion is divided by the factor (m + 1)? where m is the magnification expressed
a8 a fraction. For most purposes, however, Eq. (32) may be used directly.
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camera plate (see calculation, page 71) is 0.75 foot-candle. Then
the light flux falling on a single picture element is [by Eq. (33)]
about 0.0000004 lumen. This is an exceedingly small amount
of light flux; and the amount of photoelectric current produced
by it is correspondingly small. The question of adequate sensi-
tivity in the television camera is thus a very urgent one.

Contrast and Tonal Range in Optical Images.—Thus far we
have considered only the absolute brightness of any one picture
element and the luminous flux associated with it. The visual
intelligence in a scene, we recall from Chap. I, is conveyed by
differences in brightness between adjacent picture elements.
Consequently we must examine not only the average brightness
of the scene, but also the departures from the average which
contain the visual intelligence.

We consider first the maximum and minimum brightnesses
present. The ratio of these brightnesses, known as the brightness
conlrast of the scene, varies widely according to subject matter
and illumination. A bright sunlight scene in the out-of-doors
may display a brightness contrast of 10,000 to 1 between the
sky and the deep shadows. On a cloudy day, the contrast
decreases considerably. Values as low as 2 to 1 may be encoun-
tered in ordinary subjects. It follows that if a television system
is to imitate nature exactly, it must display a dynamic range of
2 to 1 or lower in certain cases and 10,000 to 1 in others. The
latter case is, of course, the most difficult since the camera would
then be required to generate a minimum current 1/10,000th
as strong as its maximum current. The maximum current is
limited by the saturation of photoelectric emission, hence the
minimum current is small and may be masked by the random
currents produced in the amplifier circuit. Even if a dynamic
range of 10,000 to 1 were possible in the camera tube and trans-
mission circuit, the image-reproducing tube, in its present state of
development, could not make use of this wide range because the
brightness contrast is limited by halation and saturation of the
luminescent screen and by the defocusing effect (““blooming’’)
associated with the electron gun when large signals are impressed
onit. Consequently it has been necessary to restrict the dynamic
range of the television system to not more than 100 to 1, and
even this range cannot readily be reproduced in image-reproduc-
ing tubes, up to the present time.
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The question then arises whether such a restricted brightness
range is capable of reproducing adequately the ranges of bright-
ness present in the subject matter being televised. Fortunately
such is the case. Owing to the logarithmic response of the eye
(the sensation of light is approximately proportional to the
logarithm of the brightness producing the sensation, as dis-
cussed in Chap. VIII), a reproduced picture may be given the
appearance of high contrast even though the absolute range of
brightnesses employed is restricted. For this reason, a bright-
ness-contrast range of 100 to 1 is considered fully adequate for

[T
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-Original brightness contrast=J0 fo | -
0 100 200 300 400 500
Object brightness , candles per sa.ft

Fia. 33.—Contrast and tonal range. A brightness contrast of 10 to 1 in the
object may be reproduced accurately in the image, although the absolute bright-
ness of the image is reduced (¢f. Fig. 197, page 336).
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pictorial reproductions. Present attainment in this respect falls
somewhat short of this ideal. A brightness contrast of 50 to 1
is the limit in most present-day image-reproducing tubes, and
between closely adjacent picture elements the maximum contrast
may fall as low as 10 to 1. This limitation of the picture tubes
will no doubt be removed as improved forms of electron guns
and luminescent screens are developed. Hence it is desirable to
design the remainder of the system with a wider range of bright-
nesses in mind. A contrast of 1000 to 1 (60 db) would permit the
proper reproduction of almost any type of subject matter, but in
practice no more than 100 to 1 is ordinarily used as the availdble
range for cameras and transmitting equipment.

It may be assumed that the least change in light to be repro-
duced is 1/100th as great as the maximum brightness which
may be accommodated by the system. The corresponding mini-
mum change in photoelectric current is accordingly 1/100th
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as great as that of the maximum photoelectric current. It should
be remembered that the absolute value of this change in photo-
electric current depends on the absolute values of illumination
and luminous sensitivity employed. Thus if the maximum
illumination in the scene is E,.. foot-candles, the least per-
ceptible difference in illumination dE is limited, so far as the
television system is concerned, to

dE = 0.01E.... (34)

The corresponding difference in luminous flux dF between
adjacent picture elements is

dF = 0.01E,,. A (35)

where A is the area of a picture element. Finally, the difference
in photoeleetrie current arising from this difference in flux is

dI = 001E,,,AS (36)

where S is the luminous sensitivity of the camera plate (see
page 76).

This difference in current constitutes the peak-to-peak value
of the a-¢c component of the camera output current for the least
perceptible change in light in the image. If this peak-to-peak
value of current is larger than the random currents generated in
the camera amplifier, then the signal may be amplified properly.
However if the maximum illumination E,,, is small, the change
in current is correspondingly small, and it may be less than
the random currents. In this case, the random currents mask the
least perceptible change in the signal. When this occurs, the
least perceptible change in brightness (properly transmitted
through the system) is greater than 1/100th the maximum
illumination. It follows that to obtain adequate transmission
of tones in the system, adequate illumination must be available
to overcome the masking effect of the random currents. This
requircment is established in more detail later in the ehapter
(page 85).

15. Photoelectric Surfaces.'—We now consider the mechanism
of the transfer from light to electricity. When light falls on
the surface of matter, its effect is to render the space near

! For a more detailed treatment of photoelectricity see:
Huenes and puBripGE, ‘“Photoelectric Phenomena,” MeGraw-Hill Book
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the surface slightly more conducting to electricity than it is
when the surface is not illuminated. This phenomenon, the
photoelectric effect, was discovered in 1887 by Hertz, who found
that a spark could be made to jump between two terminals more
readily if the negative terminal was illuminated with ultraviolet
radiation. Later Hallwachs subjected the photoelectric effect to
systematic study and found that the increase in conductivity is
proportional to the light flux falling on the surface and that
the degree of conductivity varies greatly in illuminated surfaces
of different physical and chemical composition. Hallwachs
came to the conclusion that the conductivity arises from the
presence of invisible electrified particles that are freed from the
surfacc by the action of light. In 1897, Sir J. J. Thomson
established the truth of this conclusion and showed that the
electrified particles arc electrons, that is, negative charges of
about 4.80 X 10~1° electrostatic unit (e.s.u.).

In 1905; Einstein enunciated the theory of the photoelectric
effect which has remained essentially without change to the
present. According to this theory, the energy present in a light
ray is collected into very small discrete bundles, called quanta.
The energy present in each quantum maintains its individuality,
so that when a quantum penetrates a solid surface, it is capable
of transferring its energy to an electron within the surface. The
electron, if invigorated by a sufficient amount of this transferred
energy, is capable of freeing itseélf from the surface and so becom-
ing a free electron in the space just outside the surface. Ordi-
narily the electron does not remain in this free condition but
returns at once to the surface. However, if the space outside
the surface is electrified by the application of a positive electric
field, the electron moves away from the surface under the influ-
ence of the electric field. In this way, the electron may become
permanently disengaged from the surface, and it may move to a
near-by collecting electrode. The motion of the electron from
the illuminated surface to the collector constitutes an clectric
current. This current, under certain conditions, can be made
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proportional to the light flux falling on the surface. This is the
fundamental action by which the optical image in the television
camers is converted into a corresponding eclectrical image.

The following attributes of the photoelectric effect are of
importance in the action of television cameras:

1. The action of the photoelectric effect is practically instantaneous.
The time lapse between the illumination of the surface and the appearance
of the current of free electrons is of the order of hundredths of millionths of a
second.

2. The efficiency of conversion of the energy from light to electricity is
extremely poor. Even the most highly photosensitive surfaces are capable
of producing only a few hundred millionths of an ampere from 1 lumen of
light flux.

3. The amount of current available from the surface depends to a very
large degree on the chemical composition and physical state of the surface
in question. Slight chemical or physical changes in the surface may cause
the current to become immeasurably small, whereas special treatment may
increase the current many times.

4. The amount of current derived from the surface depends not only on
the amount of illumination it receives, but also on the color of the illumina-
tion. If we increase the light flux without changing its color composition,
the current increases in proportion to the illumination. However, if the
color composition of the light is changed, the corresponding changes in cur-
rent are difficult to predict. It is usual to plot the relationship between
color and photoelectrical current in a curve derived from measurements (see
Fig. 35). g

5. The current available from the surface is proportional to the illumina-~
tion only if there are no appreeciable numbers of other free particles, such as
gas molecules, present. Consequently it is necessary to enclose the photo-
sensitive surface in an envelope or ‘‘tube” from which the gas is exhausted.
A collecting electrode is also included in the envelope to collect the electrons
and thus to establish the current through the tube.

Luminous Sensitivity of Photosensitive Surfaces.—It follows
from Einstein’s theory of the photoelectric effect that the number
of free electrons released is proportional to the amount of light
energy received by the surface. Hence the rate at which the elec-
trons are released (that is, the electric current) is proportional
to the rate at which light energy is received, which is measured
by the number of lumens of light flux. Consequently the ratio
between current and light flux or luminous sensitivity is expressed
in microamperes per lumen.

In employing the luminous sensitivity of a surface, we can use a
gimple ratio of microamperes per lumen only if that ratio has been
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evaluated for the particular color composition actually in use.
Usually the luminous sensitivity is measured and rated by using
the standard condition of a tungsten lamp operated at 2870°K.
The color composition of such a lamp is shown plotted in the
curve of Fig. 34. The height of the curve at any point represents
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Fie. 34.—Spectral distribution of a standard tungsten incandescent lamp
operated at 2870°K. The arrows mark the approximate limits of the visible
region of the spectrum (violet, 4000 Angstroms, to red, 7000 Angstroms).

the relative amount of the energy output of the lamp at the color
corresponding to that point. It will be noticed that a large
percentage of the radiated energy falls outside the visible region.

In Fig. 35 is shown the color response of a typical photosensi-
tive surface. This curve shows, at any point, the number of
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Fie. 36.—Spectral response of a typical cesium-oxide-silver photoelectric surface,
including the filter action of the glass envelope.
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microamperes of current obtainable from 1 microwatt of light
power of the color corresponding to that point. Suppose that
the light represented in Fig. 34 falls on the sensitive surface
represented in Fig. 35. Then the resultant response of the
surface is represented by the product of the two curves, shown in
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Fig. 36, which is obtained by multiplying the corresponding
values of energy output and sensitivity at each point on the
two curves.

For comparison, consider the visibility curve of the eye in
Fig. 37 which shows the relative response of the eye to the
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Fiac. 36.—Response of the photoelectric surface of Fig. 35 to the spectral

distribution of Fig. 34, that is, the product of the two curves. Note that the

response in the visible region (between the arrows) is very low, compared with
that in the infra-red region above 7000 Angstroms.

different colors in the spectrum. The tungsten-source light
output (Fig. 34) applied to the eye evokes the response repre-
sented by the product of the two corresponding curves, shown
in Fig. 38. The difference between the response of the eye and
the response of the phototube is very marked, as shown by
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Fra. 37.—8tandard visibility curve of the human eye. Compare with the
response curve of the photoelectric surface, in Fig. 35.
comparing Fig. 38 with Fig. 36. It follows that a television
camera employing such a sensitive surface may see the objects
before it quite differently from an eye viewing the same objects.

T'he Output Current from a Photosensitive Surface.—Turning
to the important practical problem of computing the photo-
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clectrical current produced by a given amount of light flux, we
can state an example as follows: Given a photosensitive surface
in a television camera the sensitivity of which to the light from a
standard tungsten source operated at 2870° is 50 ua per lumen.
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Firu. 38.—Response of the human eye to the standard tungsten light source of
Fig. 34, determined by multiplying the curves in Figs. 34 and 37.

Suppose that light from such a standard tungsten source is
focused on the surface in such a way that the light flux falling
on one picture element (computed by methods of the preceding
section) is 0.000001 lumen. Then the current impulse corre-
sponding to this picture element is 50 X 0.000001 = 0.00005 ua.
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Fia. 39.—Spectral distribution of a typical ‘‘nonstandard’ light source, for
which the photoelectric response is to be eomputed.

In general terms, the equation for the current from one picture
element may be expressed as

where 8 is the luminous sensitivity in microamperes per lumen,
E, the illumination in foot-candles falling on the picture element
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in question, A, the area on the camera plate in square feet, and
N the total number of picture elements.

If the color composition is not ‘“standard,” we can predict the
current only by a series of conversions to find the proper value of
S. Suppose that the nonstandard color composition is that
given by Fig. 39, resulting from the predominance of red color in
the televised object. The sensitivity figure of 50 wa per lumen
no longer applies, but it is possible to compute the value that
does apply by the following procedure:

First multiply the standard tungsten-source curve (Fig. 34) by
the spectral-response curve of the photosensitive surface (Fig.
35). This product (Fig. 36) is the response of the surface to the
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Fie. 40.—Response of the photoelectric surface to the spectral distribution of
Fig. 39, determined by multiplying the curves in Figs. 35 and 39. The area
under this curve, A, is compared with the area 4 under the curve in Fig. 36 to
obtain the value of luminous sensitivity to the nonstandard light source.
standard source. Then perform a similar multiplication of the
curve for the nonstandard color composition by the response
curve of the surface and thus obtain the response to the non-
standard color composition (Fig. 40). The areas under the two
product curves represent the relative currents available from the
two light sources. By taking A, as the area under the standard
product curve and A4, as the area under the nonstandard product
curve, the ratio 4,/A, may be formed. This ratio, multiplied
by the standard sensitivity value of 50 wua per lumen, gives the
value of luminous sensitivity applicable to the nonstandard
source.!

11t should be mentioned that the sensitivity ratio expressed in micro-
amperes per lumen is a misleading one, since the word lumen applies only to
the visible effect of the light, whereas the ratio expresses the electrical
response of the surface to all radiation, whether visible or not. The stand-
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It is obvious that such an involved computation cannot be

employed for every color composition
encountered in studio practice. In-
stead, the surface brightness may be
measured directly (in the direction of
the camera) by a photoelectric ex-
posure meter the color responsc of
which is the same as that of the
sensitive surface in the camera. The
luminous flux in each element is then
computed on the basis of the measured
surface brightness by using Eqgs. (32)
and (33).

16. Collection and Utilization of the
Photoelectric Current.—No mention
has yet been made of the manner in
which the photoelectrically emitted
electrons are collected and used. In
Fig. 41 is shown a typical phototube,
at one time used in television trans-
mission. When light falls on the
cathode surface, the photoelectric
current produced is forced to flow
from the cathode to the anode and
through the external circuit to the
battery. Because the photoelectric
current is so small that it is incapable
of being utilized at once, it must be
amplified.

The effect of the amplification is
computed as follows: The anode cir-

Fiag. 41.—Typical commer-
cial phototube. The hemi-
cylindrical cathode, when il-
luminated, releases electrons
which are' collected by the
central wire anode.

cuit contains the anode battery and the resistance Ry

ard value of luminous sensitivity in microamperes per lumen is arrived at by
multiplying the standard tungsten-source curve by the visibility eurve of
the eye and taking the area under the resultant product curve as representa-
tive of the candle-power output of the source. The observed current
obtainable from 1 lumen of flux from such a lamp is then taken as the value

of the luminous sensitivity.

In the foregoing procedure conversion, the visibility factor may be ignored,
since it serves only to fix the absolute value of the sensitivity, whereas we
are concerned in the conversion process with relative values only.
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which serves to receive thc amplified current from the tube.
The grid circuit contains a grid-bias battery, which maintains
the grid at a negative potential with respect to the cathode,
and a grid resistance R, through which is passed the photoelectric
current to be amplified. The amplifier tube itself is character-
ized by two operating characteristics, its amplification factor
u and its transconductance gn. When a small change in voltage
Ae, is applied across the grid resistor R,, an amplified change in
voltage Aer, appears across thf: anode resistor Ry, such that

- 25
Aey, = Ae,(RL T /g...) (38)

For example, consider the phototube eircuit and light source of
Fig. 42 connected through a resistance of 1,000,000 ohms to an
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Fi1a. 424.—Basic phototube amplifier circuit. The photoelectric current Aty
passes through the grid resistor R, producing a voltage Ae, which is amplified
to the value Jdey,.

Fig. 42B.—Example of phototube amplification, calculated in the text. An
incident light of 0.45 lumen is converted to an amplified voltage change of 60
volts.
amplifier tube the u value of which is 20 and the g value of
which is 1000 ua per volt. The load resistance R, is 10,000
ohms. The photoelectric current, calculated by multiplying the
incident light flux by the luminous sensitivity, is 9 xa. Hence
the voltage change is 0.000009 X 1,000,000 = 9 volts. Sub-
stituting this value and the other given data in Eq. (38), we
obtain

20 X 10,000
Aey, 9(10,000 T 20’000) 60 volts

The current in the anode resistance is 60 volts divided by its
resistance value 10,000 ohms, or 60/10,000 = 6.0 ma. The
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current has thus been amplified from 9 a as it left the phototube
to 6 ma. in the anode circuit, a current amplification of about
660 times. '|

Application of Scanning Technique of Phototubes and Ampli-
fier Circuits.—In television applications, the cathode surface of a
phototube must be illuminated by a scene in such a way that it
can produce current variations that correspond successively to the
scanning of the picture elements contained in the scene. In
this process, a scanning device is required which presents to the
cathode surface a series of illuminations corresponding to the
succession of picture elements.

Scanning devices may be classed in two groups: those which

utilize some rotating or reciprocating mechanical system for
analyzing the picture into its elements, and those which convert
the picture into a distribution of electric charge and then scan
the charge image electronically. AnTexample of the second
group, the iconoscope, has been briefly described in Chap. I.
\ The first group, the so-called mechanical scanners, may be
used in connection with the phototube and amplifier circuits
just described.! The patent literature in television contains
hundreds of forms of mechanical-scahning devices, most of
which are now in the discard owing t0 some basic limitation.
Mechanical scanning is of importance because it illustrates the
difficulties that led to the development of the electronic-scanning
. devices and also because mechanical-scanning systems have been
developed which are of use in the transmission of motion-picture
film and the projection of received images.

17. Rotating-disk Scanning.—In Fig! 43 are shown the essen-
tial elements of one of the simplest mechanical-scanning systems,
the rotating disk. The scene to be transmitted, represented by
the cross-shaped area, is focused by a lens on the surface of the
scanning disk. The scanning disk rotates about a horizontal
axis. The disk is opaque except for a series of apertures, each
the size of the picture element to be produced, through which
light is admitted to the phototube. THe apertures are arranged
around the edge of the disk at different distances from the center
of the disk, as shown in the figure. :

|
1 See WiLsON, J. C., “Television Engineering,” Chap. 111, Pitman & Sons,
Ltd., London, 1938, for a full account of rotating and reciprocating scanning
devices.
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The action of the disk in scanning the scene is as follows: Con-
sider the disk in the position shown in the figure, with the outer-
most scanning aperture in the position at the edge of the image.
As the disk rotates, this aperture passes across the image and
allows light to pass from the lens to the cathode of the photetube.
As the disk rotates, the light that passes consists only of those
rays which make up the uppermost edge of the image, i.e., the
first scanning line, When the disk has rotated far enough to
bring the outermost aperture to the right-hand edge of the scene,
the next aperture has reached the left-hand edge, and as the first

ol {bcussed |
Televised o bk, Phototube Outermast-.. Image focussed

aperfure "\ [ ondisk

Aperture size of.,
picture elemert

Fig. 43.—Elementary rotating-disk scanning. The 36 apertures, arranged in
a spiral, scan the image in a succession of 36 lines, passing the light to the photo-
tube. This method is limited by the small amount of light contained in each
scanning aperture.

aperture passes out of the frame, the second aperture passes into
it. The second aperture scans the second line. When the
second aperture has passed over the scene, the third enters the
frame and scans the third line, and so on.

Throughout these successive motions of the scanning apertures,
the cathode of the phototube receives, at any instant of time,
only the light contributed by one picture element of the scene.
In this way, the light received by the phototube is caused to be
representative of a succession of picture elements, the elements
being arranged one after the other in a succession of lines corre-
sponding to the paths taken by the apertures. As the light on
the cathode changes in response to the successive illuminations,
the photoelectric current changes correspondingly. The varying
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current, passing through a resistor, gives rise to a varying
voltage of the same form, and this voltage is amplified.

This system, although simple and direct, suffers from several
drawbacks. In the first place, the equipment involves moving
parts with their accompanying mechanical problems. In the
second place, the device is cumbersome, because a disk of large
diameter is required to minimize the curvature of the scanning
lines and to make the speed of the motion across the frame
approximately the same for all the scanning apertures.

These mechanical limitations, although troublesome, are far
less serious than the electro-optical limitations. Suppose that the
region of maximum brightness in the object produces a light
flux on a single picture element of 0.000001 lumen (a typical case,
see page 72). The minimum perceptible flux difference, defined
by Eq. (35), is 1/100th of this maximum flux, or 0.00000001
lumen. This difference, translated into current at 50 pa per
lumen, becomes 0.0000005 ua. If this current is passed through
a coupling resistor of 300,000 ohms (a representative value) to
the following amplifier, the corresponding voltage difference is
0.15 microvolt.

In practice, it is impossible to amplify a voltage as small as
this, owing to the presence of small’ random voltages that are
generated spontaneously by thermal effects in the coupling
resistor. These random voltages go by the name of “noise’”” in
sound-transmission systems and might be called ‘‘masking volt-
ages” in the corresponding visual system. The amplitude of
the masking voltage is given by

where K is a constant 1.6 X 10-2°, f is the highest a-c frequency
involved in the transmission (about 3,000,000 cycles per second,
for example), and R is the resistance value in ohms, 300,000
ohms in this case. The voltage in this case is about 120 micro-
volts. Obviously the signal voltage of 0.15 microvolt is com-
pletely lost in the interference caused by the 120-microvolt
“mas .))

If the number of picture elements per picture (assumed to be
150,000 in the preceding case, corresponding to a flux of 0.000001
lumen) is reduced to 1500 (reduction by a factor of 100), the
signal becomes 100 times as strong, or 15 microvolts. The highest
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frequency f is reduced by a factor of 100 also, becoming 30,000
c.p.s., and the masking voltage thereby becomes 12 microvolts.
In this case, the signal overcomes the mask. For high definition,
however, higher levels of illumination in the studio or larger lens
apertures must be used. Consequently simple disk scanning
can be used only for images of low definition and only when very
high illumination is available.

Light-source (Flying-spot) Scanning.—Some of the difficulties of
the simple disk system described above may be avoided by
employing a very small light source, called a “flying spot,”
which in itself acts as the scanning agent. Such a system is
shown in Fig. 44. The light source is a very bright and highly
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Fia. 44.—Light-source (‘‘flying spot’’) scanning. Here all the light from the
source is directed to the object, and the optical efficiency is higher than in the
system shown in Fig. 43. However, the phototube picks up only a small part of
the light reflected from the object, and the object cannot be otherwise illuminated.

concentrated one, such as a carbon arc. The light from this
source is focused on the scene through the scanning apertures in
a disk having the same shape as in the system just described.
The intrinsic brilliance of the spot of light thereby projected
on the scene is very great, much greater than would be possible
with uniform illumination. Several phototubes are used to
intercept the light reflected from the scene. The intense spot
of light is caused to move over the scene in a series of adjacent
lines as the scanning disk rotates. By employing several photo-
tubes the cathodes of which have a large area, a photoelectric
current may be developed which is several hundred times
stronger than that available from simple disk scanning. This
current may then be amplified without interference from the
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masking voltage previously mentioned, provided that the number
of scanning lines in the image is not too great.

The scanning-light-source (ﬂying—spclm) method is practical
in high-definition work only if the scene to be transmitted is
small in area. Such is the case in m:otion-picture-ﬁlm trans-
mission. A typical mechanical-scanning system devised for use
with motion-picture film is illustrated in Fig. 45. The light
source is focused through the scanning apertures onto the surface
of the film. The film moves past the disk at a constant rate of
speed. The apertures are arranged on a circle, i.e., all the
apertures are at the same distance from the center of the disk.

from center of disk

Fig. 45.~—Light-source scanning of motion-picture film. In this arrangement,
all the light is directed to each successive picture element, and subsequently
collected by the phototube. When a. multiplier phototube is used this method is
capable of high-definition transmission with adequate signal-to-mask ratio.

The rapid rotation of the disk then supplies the horizontal
scanning motion, whereas the slower motion of the film supplies
the vertical scanning motion. As an! additional aid to sen-
sitivity, the ‘“electron-multiplier” typeI of phototube is usually
employed in such film scanners. This l‘oype of phototube oper-
ates with greater freedom from the interference of masking
currents than does the conventional phototube. In such equip-
ment, the output current of the electron-multiplier phototube
may be several microamperes. A further refinement is the use
of lenses in place of simple apertures in the scanning disk. The
lenses have greater area than the apertures and consequently
make much more efficient use of the light source, while focusing
on the film a spot of light no larger tharn the desired area of each
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Fig. 46 A.—Typiecal high-speed mechanical scanning drum. The scanning aper-
tures are fitted with lenses to improve the optical efficiency.

Fig. 46B.—Early NBC television pickup equipment, which made use of the
flying-spot method of mechanical scauning. Eight phototubes and reflectors
were used to gather the light reflected from the object being televised. The
scanning disk and lens system are visible in the booth at the rear.
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picture element. The disk may also be replaced by a drum con-
taining lenses set in its surface as shown in Fig. 464.

It should be noted that the scanning-light-source method, as
applied to subjects other than motion film, is limited greatly by
the inability of the phototubes to collect sufficient light from any
but near-by objects. Further, the scheme is practical only if the
spot is in itself the main source of illumination present. Any
general lighting of the scene must be kept to a minimum, other-
wise its effect masks that of the scanning spot of light. As a
consequence, the system is unsuited to outdoor subjects or any
subject located at a great distance from the camera.

The difficulties encountered in mechanical scanning are rooted
not only in the optical problem of obtaining sufficient light in
each scanning aperture, but also in the mechanism of the rotating
scanner itself. One such mechanical problem is raised by the
required speed of scanning motion. In a 441-line picture, sent
30 times per second, 13,230 lines are scanned each second. If
the picture width at the plane of the scanning aperture is 2 in.,
the scanning apertures must move 26,460 in. per second. If
the rotating disk or drum is 3 ft. in diameter, such a scanning
speed can be obtained only at a rotation of about 14,000 r.p.m.
This is a high rate of rotation and necessitates careful dynamie
balancing to prevent mechanical distortions which would dis-
place the scanning apertures. In fact, accurate alignment of
441 scanning apertures in a space of 2 in. is difficult enough when
the disk is stationary, to say nothing of the problem when the
rotation speed is 14,000 r.p.m. For this reason, mechanical
scanners, even for low—deﬁmtlon pictures containing 300 or
fewer lines, are expensive to construct, cumbersome to operate,
and difficult to maintain in adjustment. The appreciation of
these limitations of mechanical scanners has led to the develop-
ment of several forms of electronic scanners that employ the
motion of electrons as the scanning agent.

18. Instantaneous Electronic Scanning.—Of the two forms of
electronic scanning, we discuss first the instantaneous type.
In this type of scanning device, the light used is that present on
the picture element at the instant it is scanned. :

The advantage of electronic scanning lies in the use of the
motion of electrons, rather than of mechanical parts, to scan
the scene to be transmitted. Electron motion is suited to the
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purpose primarily because the electron possesses an extremely
small mass and hence may be accelerated to very high speeds
by the use of moderate amounts of energy. For example, an
electron initially at rest, situated between two plates that are
separated 1 cm., and connected to a 300-volt battery will attain
a speed of a billion centimeters per second in traveling from one
plate to the other. )

One of the simplest methods of instantaneous electronic
scanning is shown in Fig. 47. The light source is the luminescent
screen of a conventional cathode-ray image-reproducing tube,
such as has been described in Chap. I (page 19). Two sets of
control coils apply horizontal and vertical magnetic deflecting

Cathode-ray )
Objecttobe  fube, ~ .~Deflecting
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Fig. 47.—A simple method of electronic scanning, employing a cathode-ray
tube as the light source. The lack of moving parts is an advantage but the
available light is limited and the scanned area must be small.

forces to the beam of electrons in the tube in such a way that
the beam moves across the luminescent screen in the conven-
tional progressive scanning pattern, forming, say, 30 complete
patterns per second each containing 441 lines. As the beam
moves through each scanning line, it produces a spot of light the
brilliance of which does not change but remains at a value as
bright as can be obtained without injury to the screen. The
scene to be transmitted takes the form of a transparent film
located directly in front of the luminescent screen. The light
from the scanning spot, passing through the film, is collected
by a lens that focuses it on the cathode of a phototube. The
current in the phototube then varies in accordance with the light
transmitted from the scanning spot through the film. The
advantage of the system is that any required scanning speed may
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be readily obtained. The disadvantages lie in the optical limita-
tions. The light available from a luminescent screen is small
and must be carefully conserved in its passage to the phototube
cathode. For this reason, the system is limited to the use of
film images. A second difficulty is that of maintaining a fine
spot of light. If high illumination is obtained by the use of a
dense beam of electrons, the spot of light produced tends to
“gpread”’ over the screen, and in so doing it exceeds the maximum
allowable size of the picture elements. There are also optical
distortions made necessary by the curved shape of the screen
(used to withstand the air pressure on the glass bulb) and other
optical defects caused by reflection inside the bulb walls. This
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FiG. 484.—The Farnsworth image dissector, a practical television camera
tube which employs instantaneous electronic scanning. An electron image,
formed at the cathode by the optical image, is conveyed down the tube and
moved bodily past a small aperture. The electrons entering the aperture,
after multiplication, constitute the output signal of the tube.

method of electronic scanning, although of interest as an example
of the method, has not achieved commercial use.
. The Image-dissector Tube.'—The most successful of the
instantaneous electronic scanners is the image-dissector device
invented by P. T. Farnsworth. This device employs what is
known as a “‘photocathode,” that is, a flat photosensitive surface
on which the scene is focused at the transmitter. The arrange-
ment of a typical image dissector is shown in Fig. 48. The
cylindrical glass envelope is highly evacuated and contains the
photocathode at one end, facing a flat glass plate that forms
the opposite face of the tube. A lens exterior to this glass face
1 FarnsworrH, P. T., Television by Electron Image Scanning, Jour.
Franklin Inst., 218, 411 (October, 1934).

LarsoN and GarpNEr, The Image-dissector, Electronics, 12 (10), 24
(October, 1939).
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focuses the scene to be transmitted on the photocathode. The
resulting illumination of the photocathode frees electrons from
its surface. The current released from any point on the surface
is proportional to the strength of the illumination at that point.
The electrons emitted from the photocathode thereby are given a
distribution that corresponds, point for point, with the dis-
tribution of light and shade in the optical image.

By means of a field supplied by an electrode at the opposite
end of the tube, this distribution of electrons, called an “electron
image,” is caused to move down the length of the tube. The
mutual repulsions among the electrons tend to scatter the image
as it moves, but this scattering effect is counterbalanced by
magnetic forees supplied by a focusing coil. Consequently the
electron image arrives in focus at a multiplier structure contain-
ing a small aperture at its center, as shown in the diagram. Any
electrons that pass through this aperture impinge on a surface
that has the property of emitting electrons in the ratio of 5 to
10 electrons for every electron that impinges on it. This
“multiplication” of electrons is repeated several times within
the structure, until finally the multiplied stream of electrons is
collected and removed from the tube in the form of a current
impulse.

In this device, the scanning aperture cannot be moved. Con-
sequently when the electron image arrives in focus in the plane
of the aperture, it is necessary to move the image bodily past
the aperture in such a way that the electrons passing through
the aperture are taken from the electron image in a succession
of scanning lines. This motion of the electron image past the
aperture is accomplished by the action of currents in external
control coils, one set of which moves the image horizontally at a
rate of, say, 13,230 back-and-forth motions per second, whereas
the other set of coils moves the image up and down at a rate of
60 per second. As a consequence of this motion, the electrons
entering the aperture correspond to the picture elements in a
succession of 441-line pictures, each picture being divided into
two interlaced fields at a picture-repetition rate of 30 per second.
The electrons received by the aperture are then ‘‘multiplied”
by a factor of several thousand times as they pass through the

. multiplier structure. - Emerging from the multiplier, the electron

current is passed through a resistor, and the voltage varia-
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tions thereby produced are amplified in an electronic voltage
amplifier.

The image dissector has the virtue of high scanning speed, but
it suffers from the optical difficulties incident to the use of
instantaneous scanning. The electrons actually employed in
generating the picture signal are those which enter the scanning
aperture, that is, those corresponding to a single picture element.
All the remaining electrons in the electron image, at that instant,
do not enter the multiplier and hence are of no use.

o - - - -

Fig. 48 B.—Physical appearance of a modern image dissector, designed espe-
cially for the transmission of motion-picture film images. The terminals at the
top lead to the electrodes in the electron-multiplier structure.

Two measures are taken to make the best use of the light avail-
able. First a lens system of large area is used, which collects a
large percentage of the light radiated from the scene. The
second is the electron-multiplier structure, which increases the
number of electrons obtainable from each picture element, and
which does so with a high degree of freedom from the masking
currents previously mentioned. A useful signal output can
be obtained from such an image-dissector tube from an aver-
age studio scene illuminated to a level of 1000 foot-candles.
The tube is also useful for scanning motion-picture film and out-
door scenes, provided that sufficient light is available. Otherwise
the signal falls to a level comparable to that of the ever-present
masking currents, and the picture information is interfered with.
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When the light is strong, on the other hand, a picture of excep-
tional contrast, detail, and evenness of shading can be transmitted
from it.

19. Storage Electronic Scanning. The Iconoscope.—In all the
scanning systems thus far described, both mechanical and elec-
tronic, a very large amount of light is wasted. In the rotating
scanning disk (Fig. 43), only that light which passes through the
active scanning aperture is used; all the other light from the
scene i8 intercepted by the disk. In the image dissector, light
from the entire scene illuminates the photosensitive surface, but
the light effectively used is confined to that producing the elec-
trons which enter the aperture in the electron multiplier; all the
light producing other electrons, at the same instant, is wasted
since these electrons do not enter the aperture.

It is possible to avoid wasting light by utilizing some means of
light storage. Such a storage process was proposed very early in
the art (by Rosing and by Campbell-Swinton), but no practical
means of achieving it was forthcoming until 1925, when V. K.
Zworykin filed his patent (issued in 1928, U. S. No. 1691324) on
the iconoscope.

The principle of light storage employed in the iconoscope
has already been briefly mentioned in Chap. I. Essentially,
the method involves setting up a flat plate (‘‘image plate” or
““mosaic”’)! the surface of which is illuminated, through a lens,
by the scene to be transmitted, and which possesses the charac-
teristics of photosensitivity and electrical insulation.

The photosensitivity characteristic is employed to release
electrons from the surface in the form of an electron image in very
much the same manner as in the image-dissector tube. The
clectron image is not utilized directly as in the dissector but is
allowed to dissipate itself within the tube, the electrons being
collected by an electrode and removed from the tube without
further use.

1 Publighed papers on the iconoscope include the following:

ZworykiN, V. K., The Iconoscope, a New Version of the -Electric Eye,
Proc. I.R.E., 22, 16 (January, 1934).

ZworykiN, V. K., Iconoscopes and Kinescopes in Television, RCA Rev., 1
(1), 60 (July, 1936).

ZworyKIN, MorTON, and FLory, Theory and Performance of the Icono-
scope, Proc. I.R.E., 26, 1071 (August, 1937).




8xo. 19] FUNDAMENTALS OF CAMBRA ACTION 95

The transverse insulation characteristic of the surface (pro-
vided by the mica) is employed to preserve the configuration of
the charge deficiency on the plate. This conservation of charge
continues for as long as is required, and the value of the charge
deficiency at any point on the surface continues to increase the
longer the light is allowed to fall upon it. Conscquently the light
is effectively “stored’” in the form of stored charge, the distribu-
tion of which corresponds to that of the light in the scene to be
transmitted.

When the scanning agent (a narrow beam of electrons) passes
over a picture element, it makes use not only of the light which
illuminates that element at that instant, but also of the light
which has fallen on that element since the previous passage of
the scanning beam. In a scene transmitted at a rate of 30 pic-
tures per second, the scanning agent passes over a given picture
element once and then does not pass over that same element until
the next complete picture is transmitted, or X3¢ sec. later. Dur-
ing this 140 sec., the light falling on the picture element is stored
in the form of a continually increasing charge deficiency. There-
fore, the number of electrons, available for producing a signal
corresponding to that picture element, is equal not to the electrons
released by the light at the instant of scanning, but to the num-
ber of electrons released during the entire frame-scanning interval.
It is thus clear that an enormous difference in sensitivity between
instantaneous and storage scanning is made available through
the storage principle. In a typical 441-line 30-frame picture,
with 150,000 effective picture elements, a gain in sensitivity of
about 10,000 times is obtainable.

Structure of the Iconoscope Mosaic.—A wide variety of construc-
tions and materials can be employed to fulfill the conditions
of photosensitivity and insulation required of the iconoscope
image plate. In early work, a very thin coating of cesium was
deposited on a thin plate of mica. In depositing, the cesium
breaks up into small local “islands,” leaving the insulating mica
between. The insulation of the mica provides the transverse
insulation required to preserve the charge deficiency on each

cesium island independently of the deficiency on the other

droplets. Mica is used as the insulation because of its high
electrical insulation, good surface, and uniform thickness (the
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last characteristic being necessary for uniformity in transferring
effect of the charge deficiency to the external circuit).

The form of surface currently adopted for practical use is
formed in the following manner: A mica plate of uniform thickness
(about 0.001 in. thick) is coated with a thin, finely sifted coating
of silver oxide powder and is then haked in an oven. The heat
reduces the silver oxide to pure silver, and the silver congeals
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