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TELEVISION, Vol. IV

PREFACE

TELEVISION, Vol. IV, covering the period 1942-1946, ig the fourth
volume on television in the RCA REVIEW Technical Book Series. The
first volume was published in 1936 followed by TELEVISION, Vol. II
in 1937. TELEVISION, Vol. 111, long-delayed by wartime security
restrictions, appeared in early 1947.

* * *

The large number of excellent papers on the subject of television
has made necessary a very stringent selection process. All the available
material can not be included in full form. A number of papers are,
therefore, presented herein in summary form only; it has been neces-
sary to omit others entirely. Suitably balanced presentation of the
various phases of television was the major criterion in deciding which
papers to include in full and which in summary. Fhe presentation of a
paper in summary form (or the non-inclusion of any particular paper)
is not intended to indicate any deficieney in technical accuracy, literary
merit, or imp(‘)rtance.

* * *

The papers in this volume are presented in six sections: pickup,
transmission, reception, color television, military television, and
general. As a source of reference material, the Appendix to this bock
includes a television bibliography covering the period 1929-1946.

* * *

RCA REVIEW gratefully acknowledges the courtesy of The Insti-
tute of Radio Engineers, the McGraw-Hill Book Company, and the
Society of Motion Picture Engineers in granting to RCA REVIEW
permission to republish material which has appeared in their publica-
tions. .

The appreciation of RCA REVIEW is extended to all authors whose
papers appear herein, and particularly to those whose papers are being
printed in this book without prior publication.

* * *

TELEVISION, Vol. IV, like its predecessors, is being publisfled
for scientists, engineers and others interested in television, with the
sincere hope that the material here assembled may help to speed devel-
opments and advance the position of television among companion arts
and services.

RCA Laboratories The Manager, RCA REVIEW
Princeton, N. J. l
December 31, 1946
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INTRODUCTION
By

DAVID SARNOFF

President, Radio Corporation of America

RCA REVIEW Technical Book Series, the art has made notable

advances. It has moved ahead from its status as a promising
experiment to its present role as a proved medium of entertainment,
education and news. Aided by research accelerated by the demands of
war, the development of television has reached a point that otherwise
might not have been ‘expected at least until 1950. New tubes and new
circuits have greatly improved transmitters and receivers and the
growing interest currently being exhibited in television by the public
is proof that television is being accepted rapidly as a new art and a
promising new service.

For more than 20 years 1 have repeatedly expressed my confidence
in the future of television. I have not hesitated to forecast that in
due time it will become a greater industry and a greater art than sound
broadcasting. And I believe that during this expansion of television,
broadcasting will continue as a great. industry, for the two forms of
communication will supplement each other. There are natural reasons
why sight and sound should be united to form a combination that will
be far more effective than either medium alone, in imparting informa-
tion, entertainment, culture and understanding of our life and our
Government to all classes.

Television will not reach its full stature overnight. Well-founded
gcientific developments do not progress in that manner. Histbry has
proved that it takes about five years for any cycle in radio to translate
itself into practical reality. The vacuum tube did not immediately
supersede the spark in international communications nor did the
superheterodyne become an overnight successor to the erystal receiver.
After research has shown the way, a multitude of problems arise in
the development of suitable programs and merchandising of the prod-
uct that must be solved before the new service becomes universally
acceptable. Television does not differ from other technical inventions
in this respect.

An estimate at this time of the ultimate effect of television and the
social and scientific consequences which will flow from its introduction

SINCE the publication of earlier volumes on television in this
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would be impractical. But we do know from our experience that inven-
tions which give us new powers over natural forces have had far-
reaching effects on the human race. I need only mention Watts and his
steam engine; Nobel and gunpowder; Morse’s telegraph; Bell’s tele-
phone; Marconi’s wireless and the Wright Brothers’ aeroplane to sup-
port this view. These brain-children have produced and still are pro-
ducing far-reaching effects on the family, on government, education,
industrial production, yes, even on the habits and the beliefs of people.
Moreover, as history shows, there is a cumulative gain as one develop-
ment leads to another. This is exemplified in the case of the gas engine
and jet propulsion, the single engined biplane and the stratoliner,
and now in radio and television.

Because of these derivative results of inventions, the full social
effects of a development such as television should be weighed on a
general basis only. For instance, sociologists have called attention to
the growing decentralization of industry. There are good reasons to
believe that television may hasten this trend by simplifying the remote
control of industrial operations, and by expanding the entertainment
and cultural advantages which the video art will make available in
small communities. As leisure time is increased along with greater
technological efficiency, it is likely that television will be depended upon
to make our hours of ease more profitable and satisfying.

Such a possibility creates the picture of a population which increas-
ingly may center its interest more and more within the home. In such
a setting, television will become a vital element in daily living. To
people with more conveniences and with more time in which to enjoy
them television may well become their p11nc1pal source of entertain-
ment, education and news.

Television, too, may enable man to keep pace with his thoughts.
The human being has been created with a mind that can encompass the
whole world in the fraction of a second; yet his physical senses lag
woefully behind. With his feet he can walk only a limited distance;
with his hands he can touch only what is within reach. With his
unaided eyes he cannot see beyond the horizon, and his ears are useful
only at short range.

These natural restrictions will vanish with the spread of television.
In the years of its fulfilled destiny, television will bring the boundaries
of the earth itself within the useful limits of Man’s several senses.
When this day arrives, there may come also a new philosophy and a
finer, broader understanding between all peoples, whatever their
nationalities or wherever they may live. If the airplane is named as

— xif —
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the invention which annihilates distance, television can be said to anni-
hilate both distance and time.

As this is written, television promises to make big strides in taking
its place alongside the older arts, in many instances giving them new
and modern import. Science has equipped the new industry for its
expanded role. New supersensitive cameras, that make it possible to
pick up scenes under low-lighting conditions; improved kinescope pic-
ture tubes that provide the viewer with steadier, brighter and clearer
images on his receiver; mobile truck units which can speed to remote
points and transmit pictures back to the main television transmitter
for rebroadcasting; and new antennas that increase the area covered
by television stations. To these advances, add the more skillful studio
technique developed by broadcasters and a well-rounded, solid founda-
tion for the new art is assured.

Leaders in education are becoming increasingly interested in tele-
vision as an invaluable supplement to present school curricula. Through
the medium of television, the skill and knowledge of the best teachers
in the land can easily raise the educational level of the “little red
schoolhouse” to the standing of leading schools in the larger cities.

In religion, also, the impact of television will be powerful and
effective. Nationwide television will bring the services of the great
cathedrals into the homes of the most remote residents. Viewers not
only will hear the minister’s words and the music but will see the
preacher face to face as he delivers his sermon, and observe as though
present, the solemn ceremonies at the altar.

Any discussion of television, however brief, should include some
mention of its by-products. Some of the fields in which television
devices may bring about important advances are in marine and aerial
navigation, by permitting vision in fog and darkness through the use
of infrared rays; in metallurgical, chemical, physical and biological
research; in certain manufacturing processes as substitutes for human

- vision or for control purposes; in department stores for advertising

and display; and in numerous other fields where a substitute for the
eye may be useful.

The new flickerless, all-electronic color television system demon-
strated at RCA Laboratories on October 30, 1946, and again on Janu-
ary 29, 1947, is the most recent positive contribution to the television
leadership of our country. In the near future it is expected that out-
door scenes will be televised in color followed in 1948 by electronic
color television on large-size theater screens.

The realization of this universal system of all-electronic color tele-
vision, accomplished without the outmoded rotating disk or any other

— xiii —
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moving part, is as far reaching as was the creation of the RCA all-
electronic television system which supplanted the mechanical disks used
in black-and-white television when it first began.

With interest in television increasing more rapidly now than at any
time since its introduction on a commercial basis in 1939, it is fitting
that this Volume should be issued to continue the permanent history of
research and achievement inaugurated by the preceding Volumes in
the series. Reference to these records will provide those interested in
this subject with useful information.

- XiV —
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CONTEMPORARY PROBLEMS IN
TELEVISION SOUND#*f

By

C. L. TOWNSEND

National Broadcasting Company, Inc.,
New York, N. Y.

Summary—The present rapid development of television is introducing
new problems in sound pickup and operation. As the art progresses,
engineering tools and methods must not only keep pace with, but generally
anticipate, the needs of the program-producing staff in the production of
more and more intricate material. The nature of the acoustic problems so
raised, and their solutions, are treated in this paper. New tools necessary to
proper operation and the methods of their employment are discussed. For
o better understanding of television requirements, the methods normally
employed in motion pictures and standard radio broadcasting are compared
with those in use in the present television studio. Some indications as to
what may be required in the near future are discussed and possible develop-
ments suitable for such use are described.

peculiar to itself arise. Certainly television is no exception to this

rule nor is that part of television which we are to consider. There
may have been many who felt in the earlier days of the art that tele-
vision’s sound accompaniment could well be expected to care for itself,
for much had been done to perfect a technique of.sound pickup with
action in progress in the motion-picture studios of Hollywood. But
very shortly, marked departures from the accepted methods were found
desirable, and gradually it became clear that good television sound
required not only different treatment but also different tools than were
used at first. As the show-producing workers in television become
familiar with their picture-making equipment, more and more is being
demanded of it, and the sound accompaniment must keep pace. No
consideration of the sound portion of a problem arising in a television
studio is permitted to interfere with the picture technique, since the
production staff has come to rely upon the sound engineer to find a
way around his difficulties. This paper discusses these difficulties, and
considers what may be done to overcome them.

A consideration of the mechanics of television studio operation will
disclose some of the problems arising in sound pickup associated with

HN THE history of every new activit_y;, problems and concepts

* Decimal classification: R583.
+ Reprinted from Proc. I.R.E., January, 1943.
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visual programs. The National Broadcasting Company’s studio is
equipped at present with three television cameras and normal set
lighting requires the use of four floor broads of about 3 kilowatts each.
All of this equipment must be positioned for best advantage as to
camera angles and lighting effects. If no sound equipment were used
at all, the portion of the studio in use would be crowded enough, but
it is necessary for the microphone boom to find a place also. The boom
operator chooses his position with regard not only to his own best
sound requirements but also considers the possible camera movements.
If it is likely that a camera-dolly movement will ind him in its way, he
must be able to move the base of the boom sufficiently in advance of
the dolly to clear the necessary space. Thus, the boom operator must

Fig. 1—For good pictures, television cameras require most of the
space. Sound equipment must operate in what remains.

not only follow closely the action on the set but must also bear in mind
the exact pattern of off-stage activities. The present operators have
become adept at maintaining the position of the microphone correctly
above the heads of the persons on picture, while stepping from the
boom platform and moving it bodily a sufficient distance to permit
passage of a camera. Often, too, only a few seconds can be allowed for
a complete change from one set to another, necessitating accurate
planning of movements and precise co-operation between sound- and
sight-equipment personnel. To aid in this the boom used is as small as
is presently practicable, having a maximum extension of 14 feet and
being about 4 feet wide across the base. A unidirectional microphone
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18 used to aid in reducing off-set noise, but this adds to the precision
necessary in operation, for if close-ups are being used, the microphone
must be aimed at the person being televised. This means that the boom
operator must watch the camera-switching lights and position the
microphone to suit the camera as well as the actor, being careful to
discriminate against off-camera sounds only.

To facilitate scene transitions, or to provide a second pickup in a
set where two widely spaced sound sources act concurrently, a method
of hanging microphones has been devised. The studio ceiling carries
a network of pipes of approximately 2% inches in diameter. A special
clamp has been made to fit these pipes. Connected to each clamp is an
adjustable length of light conduit, designed to accept a standard

Fig. 2—Efficient utilization of floor space is a necessity in television.

microphone coupling. The clamp can be operated by twisting the con-
duit making it unnecessary to climb ladders to hang microphones; this
greatly increases the all-important factor of speed.

Three types of microphones are normally used in the National
Broadcasting Company’s television studio. The unidirectional type
with a cardioid pickup pattern is used for dialogue, mainly because of
its ability to reduce the effect of off-stage noise. Television, unavoid-
ably, has rather more of this than is used on a motion-picture sound
stage, since following scenes must be prepared, equipment moved con-
tinuously to new locations, and the show kept running generally. This
contrasts markedly with the complete stopping of all other activity
when a scene is made in motion pictures. Regular velocity microphones
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Fig. 3—A transition from one scene to another may require the use of a
fixed-position microphone for opening the new scene. Action will be
restricted until the arrival of the boom microphone.

L ]
are used in cases requiring more reverberation, or when convenient to
use both sides for pickup. Usually this cccurs when music is used on
the set, and an acoustically bright effect is desired. A pressure micro-
phone is used when its nondirectional characteristic is advantageous.
The production staff at NBC recognizes that in recent years a micro-

Fig. 4—Musicians must be close to the set for good musical coordination,
introducing problems in balance and overlapping pickups. Unidirectional
microphones a:d greatly in such situations.
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phone has become an integral part of some scenes. A supper-club set
may call for several microphones, and if a grouping dictated by picture
requirements is too wide for other types, a pressure microphone will
solve the problem. As these microphones are relatively small, they are
also most suitable for use in positions where they might tend to obscure
the picture, or when a microphone must be held in the hand.

Even with the above variety of tools, situations arise that defy
ordinary “on-the-spot” pickups. These cases generally can be classified
into those in which high scenes limit the possibility of bringing a
microphone close to the action, and those in which the action is too
fast or too complicated to permit its being followed by the micrphone
boom. Both occur usually in the musical production type of scene. It
may be that a large and decorative background has been erected for a
solo song, center stage and low. Obviously, no reasonable balance can
be obtained between voice and accompaniment if the microphone must
be far enough away to be out of the picture when it includes so large
a backdrop. In the second case, trouble usually is encountered when
performers not only sing but also move through a routine of action not
suited to sound pickup. This may include singing while facing away
from the camera, or while moving through a doorway, or perhaps next
to percussion instruments of an orchestra where maintenance of balance
would be impossible. All of these situations call for prerecording, a
technique developed in Hollywood and happily adaptable to television.
Two methods of procedure are available. In the first type mentioned
above, the microphone is located in a suitable position for the making
of the record, usually several hours before show time. The action is
carried out as usual and the timing of the record automatically fits the
gcene as it will be broadcast. When the actual show takes place, a cue
from the production director will start the record and kill all sound
pickup in the studio. The record is then not only put on the air, but
also fed back into the studio, where the performers can hear it, and
synchronize their actions to it. When the recorded portion ends, the
studio microphones are opened and the show continues normally. In
the second type mentioned, the action is too detrimental to sound pickup
to permit recording with it in progress even though no picture is re-
quired. Hence the action is carefully timed and cues noted. The record-
ing will then be made without action, the setup being entirely to suit
the sound situation. Such a record is then checked for synchronism on
another rehearsal, and used “on the air” as described. A lacquer disk
recording with the NBC Orthacoustic characteristic is used, resulting
in transitions from direct pickup to record and back again with prac-
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tically no noticeable change in sound quality. With such satisfactory
matching of sound quality available, prerecording is a very useful tool
in television.

Another angle of the studio-mechanics problem is in peculiar con-
tradiction to the case in motion pictures. In some instances, the motion-
picture-making equipment causes some trouble through making noise
which may interfere with the desired sounds. In television the reverse
is true. Sound in the studio may be of such intensity and frequency
that it will cause spurious signals due to microphonics to appear in the
picture. These generally consist of horizontal bars across the picture,
and result from vibration of elements of vacuum tubes used in the video
preamplifier in the camera. It is necessary to treat the television
camera to keep sound out, rather than in. A heavy material, similar
to roofing felt may be cemented to the inside surfaces of the camera
housing to reduce sound transmission, and particularly to damp vibra-
tion occurring in the large plane sections of the present camera’s sides
and top. Without such damping, these parts will vibrate very heavily
at their natural periods, making sound crossover almost a certainty.
With sufficient loading the tendency to vibrate disappears almost com-
pletely, permitting operation with any normal studio sound level.

The very nature of television is that its appeal must be in the inti-
mate manner. As long as the present methods of picture reproduction
are being used extensively, this will continue to be the case, for picture
size and detail make best use of close-ups and penalize the extreme long
shots. The sound that accompanies these pictures should partake of the
same quality, heightening the tone and mood of a scene. The methods
adopted and the tools used must, then, be suitable for such work.

The National Broadcasting Company’s live-talent studio is a room
30 x 50 x 17 feet. Its acoustic treatment differs radically from what a
motion-picture engineer might expect to find on a sound stage, in that
the reverberation constant is not as short as it could be made, but
rather a variable quantity, being in some cases as long as 114 seconds,
and in others as short as 1% second (over the essential range of fre-
quencies). The reasons for this are close to the heart of the television
problem. In the usual sound-stage case, the studio is a large acousti-
cally dead room, in which relatively permanent sets are erected. It is
normally the intention to permit those sets to exhibit their own char-
acteristic reverberation without much, if any, artificial reinforcement.
The case in television is somewhat different. Our sets are designed for
rapid scene changes, and efficient use of personnel. They are made of
linen stretched on wood frames in the manner of legitimate stage
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scenery. Instead of adding a lifelike reverberation to the sound origi-
nating in them, such sets produce undesirable low-frequency resonance
effects, and add large amounts of high-frequency absorption in their
unpainted surfaces. If the studio itself were very “dead” these effects
would add detrimentally. Dialogue equalizers are used, which help to
avoid this trouble, but the less equalization that can be employed, the
better will be the average sound quality.

Studio acoustics also play an important part in television sound for
other reasons. The volume of the sets in use is always a very large
portion of the total studio volume, since many scenes must be set up at
once to provide a continuous performance. Under usual conditions

almost the whole studio is used in a show to run an hour and a half.
 With so much absorption added in the sets, much of the original treat-
ment of the studio must be removed to produce anything like normal
reverberation. Most television shows will also present music as well
as speech in the same studio, without a pause between the two portions
of the program. Such a case in motion-picture production would call
for the use of a scoring stage, or a set especially treated for music. In
television, the problem is attacked by making large sections of the
acoustic treatment on the studio walls movable. These panels can be
opened to expose a hard, reflective surface, increasing the reverberation
to an acceptable level. Should an outdoor scene be required, however,
all the absorbing panels would be closed, and equalization added to
produce an essentially reverberation-free pick-up.

It has often been remarked that television even now should use large
studios of the motion-picture sound-stage variety. There are however
certain mechanical and acoustical considerations that make this doubt-
ful. Present television practice, which demands many close-ups and
rather restricted action during most of the show, means that even with
a ré]atively large set, for the major portion of a “take,” the cameras,
lights, and sound equipment must be crowded together to serve best
the particular portion of it used at the moment. It is a provoking fact
that although most of the studio may be empty, the television equip-
ment must be worked in close quarters. Consequently, additional room
would not materially increase the freedom of action of the cameras as
far as any one set is concerned. Mechanical considerations, then, indi-
cate that the size of the studio is determined by the number of sets
which reasonably can be used on one show, or can be served by one
group of equipment. Under present production conditions, this would
result in a studio considerably smaller than the larger motion-picture
sound stages. Acoustically, the smaller studio is desirable, because of
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the requirement mentioned above that studio acoustics be adjustable
to compensate for set absorption. If the studio becomes too large, it
cannot contribute usefully to the over-all sound quality, for reverbera-
tion as a desirable enhancement is replaced by what is commonly called
room-slap, ar echo. Hence, if a very large studio is to be used, it must
be very “dead,” which inflexibility seriously limits its usefulness as an
acoustic tool. The answer to this problem seems to be that television
studios should be of a size between those used in radio broadcasting
and the large stages of Hollywood if all the mechanical and acoustical
advantages are to be realized.

The excellent work currently done in the broadcasting studios has
raised to a high stage of refinement the art of producing mood and
atmosphere with sound. Television must offer at least as much facility
for creation of these effects and at the same time must not limit in any
way the freedom of action necessary to good pictorial effect. Some of
the problems encountered in this blending of sound technique and sight
productions are worthy of consideration.

In the television studio, both close-up and long shots must be taken
at the same time. The accompanying sound must not only suit the
apparent distances shown in the picture, but may also be required to
produce an effect complementary to it. At times, perspective in tele-
vision sound is so important that what would normally be only a
medium long shot can be made to seem very long, if the sound which
accompanies it carries sufficient reverberation to suggest great distance
to the mind of the listener. Since actual long shots are not usually
permitted for long periods of time, such an aid in producing the effect
of distance is a valuable tool. Close-ups, of course, require intimate
sound, and often the change from a distant view to a close-up occurs
too quickly to permit any actual change in microphone placement or
acoustic treatment, so the effect of a change must be produced elec-
trically. Reverberation once added cannot be deleted; consequently, the
pickup conditions must be set to produce close-up sound. It is then
possible to add reverberation through the use of the standard echo-
chamber method. In the studio, close-up cameras are provided with
long-focal-length lenses, and long-shot cameras have either normal- or
short-focus lenses. Switching between the cameras actuates a set of
relays so connected that amounts of reverberation and volume level can
be adjusted to suit the lens of the camera in use. This is accomplished
by providing for each camera a separate volume control, and a separate
reverberation control. If a camera is to be used to take a long shot,
the volume control associated with it is turned down an amount calcu-
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lated to produce the proper psychological effect, and the reverberation
control is opened to accept a large portion of the output of the echo
chamber. Another camera having an intermediate focal length would
use more direct sound and less reverberation, while the close-up camera
would use full volume and no feed from the echo chamber at all. When
the technical director switches from one camera to another, the sound
18 also switched from one set of controls to another, producing instan-
taneous changes in sound quality to suit the picture requirements. Of
course such artificial correction is confined in its application to interior
shots which would normally exhibit acoustical characteristics similar
to those available from the echo chamber. Corrections can be applied

Fig. 5—Making close-ups and long shots simultaneously introduce
problems of acoustic realism.

to outdoor scenes by changing the volume level and low-frequency
response of the system to match the camera switching. Thus an
exterior long shot would be accompanied by a reduction in volume-con-
trol setting and an increase of equalization designed to remove low and
high frequencies, thus simulating the conditions obtaining in nature.
Without such processing, the sound accompanying a television picture
would not only lose valuable contributing effects, but at times might
give an almost ludicrous effect, for the human eye and ear have been
trained to expect a certain correlation between sight and sound per-
spective, and violations of their normal relationships are not acceptable.

Another problem peculiar to television sound is the result of a
demand for realism in its dynamic range. - In motion pictures, the

wWwWw.americanradiohistorv.com


www.americanradiohistory.com

10 TELEVISION, Volume IV

acceptable range of loudness is a strictly measurable and controllable
quantity. The lowest modulation permitted is a function of track hiss,
frequency response, audience noise, etc., and the highest sound output
is determined by the 100 per cent modulation point and reproducer
power. No one in the audience is able to change the volume reaching
him, nor does he expect to hear sound which is not dimensioned to fit
the picture on view. In radio broadcasting, almost the exact opposite
is true. With no visual program, the listener demands the maintenance
of a relatively constant level, and often writes to his station complain-
ing that he has to adjust his receiver volume control during the prog-
ress of a show. Television encounters portions of both of these troubles,
and has had to evolve its’own operating procedures to combat them.
Since television is broadcast, a reasonably high average modulation
should be maintained, in order that receiver noise levels may be low.
Maximum deviation is determined, of course, by channel width. Within
these two extremes must be confined sound to suit anything from the
scraping of a pen across paper, to the crashing thunder of a modern
blitzkreig. Such matching of sound and sight is necessary, for if the
eye sees what would in nature produce a loud sound, but the ear hears
only a small, muted version of what is expected, the mind rejects both
sight and sound as being counterfeit. Thus a dynamic range is required
of television sound which is greater than absolutely necessary in sound
broadcasting. Here the home receiver enters the problem. If dialogue,
and other relatively quiet sounds, are broadcast at their proper level
over a period of time, it is likely that the volume of the home receiver
will be increased by the listener to match what has come to be expected
of broadcast sound. Then, if full dynamic range is employed, the
louder passages will exceed reasonable living-room power, or perhaps
overload the receiver. Hence, some compression must be employed,
yvet without producing the above-mentioned unconvincing mis-match.
Treatment of this problem has evolved into a skillful handling of audio
levels in such a way as to produce changes in apparent loudness which
are greater than those actually broadcast. If it is known in advance
that some particular point in a performance will require a large
increase in volume, the loudness of the passages preceding the expected
increase in level is gradually lowered, the process sometimes extending
over several minutes. This decrease in loudness is accomplished so
slowly that it does not come to the attention of the listener and is in
some degree compensated by what appears to be an increase in the
listeners aural sensitivity. Then, when the large amplitude is required,
an increase to maximum deviation is sufficient to produce an admirable
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effect. Of course, such a loud period causes the listener’s hearing again
to be reduced, and care must be exercised in returning to a medium
or low level of modulation.

The television sound problems which have been discussed are a few
of those that have already been encountered in television broadcast
operation. They have increased in complexity as television program
production has advanced its techniques. In an art developing as rapidly
as television, no one can be certain that indicated trends will be fol-
lowed or that present methods and materials will be adequate, or even
useful, in the future. It is only by continuing the present close coopera-
tion between the studio and the development laboratory that television’s
sound problems can be solved.
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THE FOCUSING VIEW-FINDER PROBLEM IN
TELEVISION CAMERA*t

By
G. L. BEERS}

RCA Manufacturing Company, Camden, N. J.

*

Summary—The technical excellence of a television program may fre-
quently depend on the characteristics of the view finder used in the television
camera. Conditions peculiar to television make it desirable that television-
camera view finders be of the focusing type. The requirements of an ideal
view finder of this type are discussed. During the past ten years a number
of view-finder arrangements have been investigated in connection with the
development of telcvision cameras. Several of these are deseribed and their
relative merits indicated.

INTRODUCTION

view finder. On its characteristics may depend the technical

excellence of the television program. The desirability of mini-
mizing operating personnel and the necessity for keeping a camera in
practically continuous operation during television programs of one or
two hours make it necessary that the view finder be of the focusing
type. Such a view finder not only provides a view of the scene which
is included in the field of the camera but also indicates when the lens
is properly focused on the desired scene.

@)NE of the most essential elements in a television camera is the

During the past ten years a number of focusing view finders were
investigated to determine their suitability for use in television cameras.
Brief mention of some of these arrangements has already been made in
the technical literature on television equipment. Practical operating
experience with several view finders both in the studio and outdoors has
established certain requirements which an ideal view finder should
meet. It is the purpose of this paper to discuss these requirements; to
describe briefly several of the view-finder arrangements which have
been investigated, and to indicate their relative merits.

* Decimal classification: R583.3.

T Presented at the Summer ILR.E. Convention, Cleveland, Ohio, on
June 30, 1942. Reprinted from Proc. I.R.E., March, 1943.

I Now Asst. Director of Engineering in Charge of Advanced Develop-
ment, RCA Victor Division, Camden, N. J.
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REQUIREMENTS OF AN IDEAL FocUSING VIEW FINDER FOR
TELEVISION CAMERAS

The requirements of an ideal view finder may be stated as follows:

1. It should at all times accurately indicate when the camera is in
focus on the desired scene or object.

2. It should not only define that portion of the scene which is being
converted into the television image but also should reproduce a suffi-
cient portion of the scene outside the camera field so that the camera-
man will know in advance what the television picture will include if he
pans the camera in any directipn.

3. It should provide an erect image which is correct left to right
and of sufficient size and brightness to minimize eyestrain.

4. Tt should not unduly complicate the procedure of interchanging
camera lenses or pickup tubes.

5. For portable pickup work the view finder should not contribute
substantially to the size and weight of the camera.

It will be noted that the first three of these requirements deal with
performance whereas the last two are concerned primarily with oper-
ating convenience.

In order to appreciate the significance of these requirements it is of
interest to discuss them in connection with the two general groups of
view finders into which the several individual view finders are subse-
quently classified. For the purpose of this discussion the first group
will consist of those view finders which derive the view-finder image
either directly or indirectly from the camera lens. The second group
includes those which make use of a separate optical system for produc-
ing the view-finder image.

REQUIREMENT NUMBER 1

Requirement 1 specifies that the view finder should at all times
accurately indicate when the camera is “in focus” on the desired
scene or object. Practical operating experience has shown that in
respect to this requirement it is desirable that the cameraman be
aware of a degradation in picture detail due to improper focus before
the loss in resolution is apparent to the television audience. The
view finders in group 1 have several limitations with respect to this
requirement. When the scene which is being televised is sufficiently
illuminated so that the camera lens can be stopped down to provide
greater depth of focus the view finders in this group do not provide
an accurate focus indication since the view-finder image has the same
depth of focus as the camera image. In other words, no apparent
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change in detail is observed by the cameraman as the lens is moved
back and forth through an appreciable range. This limitation may
not be particularly apparent to the television audience from the
standpoint of picture detail but is likely to be disturbing for another
reason. Under this condition the cameraman has a tendency to move
the camera lens back and forth to determine by approximation the
center of the range over which no effect on picture detail is observed
and thus establish the “in-focus” position of the lens. As the lens is
moved back and forth, the area included in the television image
changes in such a manner that the sides of the picture appear to move
in and out; an effect which is disturbimg to most observers.

Another result of this inaccurate focus indication is encountered
when the camera is used under conditions where the illumination may
vary suddenly through a fairly wide range. Such conditions are fre-
quently encountered in outdoor pickup of sporting events or spot news,
etc. If the lens is stopped down and the camera is inaccurately focused
on a scene in bright sunlight and the sun subsequently goes behind
a cloud, making it necessary to increase the lens aperture, the camera
will be out of focus. The focusing readjustment which is then re-
quired would have been avoided if the view finder had met require-
ment 1.

The view finders in group number 2 can all be made to meet require-
ment 1 provided they are constructed with sufficient mechanical rigid-
ity to maintain, at all times, the proper alignment between the optical
systems for the view finder and pickup tube.

REQUIREMENT NUMBER 2

Requirement 2 states that the view finder should always provide
an image of and accurately define that portion of the scene which is
being converted into the television picture and should also provide a
view of at least a small part of the scene on each side of the television-
picture area. Unless the first part of this requirement is fulfilled the
cameraman may not know, for example, whether or not an individual’s
head is in the picture. The second half of this requirement gives the
cameraman an indication of what will be included in the picture if
he pans the camera in any direction. The need for this information
may depend to some extent on whether the camera is being used in
the studio or outdoors. From one standpoint, there is less need for this
additional view-finder-image area in the studio because studio pro-
grams are usually rehearsed several times. On the other hand, in
studios several sets are frequently used in a limited space so that a
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camera can be changed quickly from one scene to another. This
makes it necessary for the cameraman to know what is included in a
small area outside the field of his camera so that he does not inadver-
tently include an edge of an undesired set in the picture. If the view
finder does not provide an image of this additional area it is fre-
quently necessary for the cameraman to move his head sufficiently so
that he can look along one side of the camera to determine the effect
of panning the camera in a desired direction. Not only is this incon-
venient but when the cameraman looks around the camera at the
brighter scene and then again looks at the image in the view finder
it is necessary for his eyes to readjust themselves to the difference in
the light intensity. In outdoor pickup work such as sporting events,
where the action is unpredictable, if the cameraman looks around one
side of the camera he may lose the action altogether before he has
time to again look into the view finder.

In general, the view finders in group 1 do not meet requirement 2
since the view-finder image which they provide is obtained from the
camera lens and covers the same picture area as the television image.

The view finders in group 2 make use of a separate optical system
and, therefore, can be made to provide a view of some of the scene
around the area which is converted into the television itnage. Such view
finders are, of course, provided with hairlines on the viewing screen or
some other expedient which indicates the actual area of the scene which
is included in the television picture. It is essential that the view finders
in this group be provided with some means which will correct for
parallax between the two optical systems.

REQUIREMENT NUMBER 3

The ideal view-finder requirement 3 is met if the view finder pro-
vides an erect image which is correct left to right and of sufficient size
and brightness to minimize eyestrain. A difference of opinion may
exist as to the necessity of having the view-finder image erect and cor-
rect left to right. If the cameraman has received considerable training
with cameras providing images which are inverted and reversed left to
right, such a view finder is undoubtedly satisfactory. He will then have
developed the proper co-ordination between the image he sees in the
view finder and the direction in which he must move the camera to pro-
duce a desired effect. On the other hand, in a new field, such as tele-
vision, where it will be necessary to start with relatively untrained
personnel, it is felt that the corrected view-finder image will be more
satisfactory.
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With respect to the other stipulations in requirement 3, a view-
finder image at least 3 by 4 inches at a viewing distance of 12 inches
has been considered to be satisfactory. The image should be as bright
as possible. No difficulty has yet been encountered from having the
view-finder image too bright. The ability of a specific view-finder
arrangement to meet requirement 3 is basically determined by the
amount of light which it supplies to produce the optical image since,
if sufficient light is available, an optical system can be used to increase
the image size and reverse it in either or both directions.

The problem of providing sufficient light to produce a satisfactory
view-finder image is becoming more difficult as the sensitivity of
camera pickup tubes is increased. This limitation may ultimately make
it necessary to resort to a highly complicated view-finder arrangement
which will be described later.

REQUIREMENT NUMBER 4

This requirement is concerned with the effect of the view finder on
the ease of interchanging either pickup tubes or lenses. Since emer-
gencies may arise which make it necessary to change pickup tubes and
since it is frequently desirable to change to a different focal-length
camera lens, it is essential that these changes be made in the shortest
time and with t};e least inconvenience.

This requirement is met to the greatest extent by the view finders
in group 1 since they derive the view-finder image from the camera
lens. The view finders in group 2, which use a separate optical system
for producing the view-finder image, all contain some element which
must be adjusted to provide satisfactory optical alignment between the
two optical systems when pickup tubes are changed. Up to the present
time it has been impracticable to manufacture pickup tubes with suffi-
ciently close tolerance on the position of the mosaics and other elements
of the tubes to make them optically interchangeable. Some adjustment,
therefore, is necessary so that the view-finder image and the image on
the pickup tube are “in focus” simultaneously. It is possible to shift
the position of the pickup tube in a camera to obtain satisfactory opti-
cal alignment between the two optical systems. The size and weight of
the pickup tube with its deflecting yoke, however, make it much more
practical to move a ground-glass screen or some other element in the
view finder to provide the necessary alignment between the two optical
systems.

No serious complications are encountered in interchanging lenses of
different focal lengths in cameras employing the view finders in group 1
since only the camera lens is changed.
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The additional lens required with the dual-lens view-finder arrange-
ments in group 2 make the problem of interchanging lenses somewhat
more difficult. This is particularly true where the lenses are large and
heavy such as those having focal lengths of 20 inches or more and
apertures of the order of f/4.5.

REQUIREMENT NUMBER 5

Requirement 5 is based on the desirability of keeping the size and
weight of television cameras for portable pickup work at a minimum.
Studio cameras are usually semipermanently mounted on large dollies
similar to those used in motion-picture work and the size and weight of
the television camera for studio work is, therefore, not a primary con-
sideration. Portable television cameras, however, are used on conven-
tional tripods and are set up and subsequently taken down at each
pickup location. It is, therefore, desirable to keep the size and weight
of cameras for portable pickup work at a minimum. In some cases a
s4crifice in view-finder performance has been made to permit a reduc-
tion in the size and weight of the camera. Some portable cameras
which employ one of the more complicated view finders are constructed
so that the camera can be separated into two units. This construction
not only makes the camera more portable but also makes it possible to
mount the two parts separately on the tripod.

Since the view finders in group 1 require less parts, occupy less
space, and contribute less weight, they are more acceptable from the
standpoint of requirement 5 than those in group 2.

DESCRIPTION OF INDIVIDUAL VIEW FINDERS

The following is a list of the view finders which will be described.

1. Mirror arrangement for observing the optical image on the
mosaic of the pickup tube.

2. Semisilvered mirror arrangement for utilizing the camera lens
to produce an optical image on a ground-glass viewing screen.

3. Kinescope or electronic view finder.

4. Kinescope or electronic view finder with remote focusing control,

5. Split-image view finder as used in the Contax and similar
cameras.

6. Duplicate-lens view finder as used in the Rolliflex camera.
7. Combination duplicate lens and kinescope view-finder.

The first four view finders in this list derive the view-finder image
either directly or indirectly from the camera lens and are those which
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were previously classified as the group 1 view finders. View finders 5,
6, and 7 are the group 2 view finders and obtain the view-finder image
from a separate optical system. For the sake of simplicity, the dia-
grams which will be used to illustrate the several view finders will not
show any means either for magnifying the optical image or for correct-
ing it in the vertical and horizontal directions. It is apparent, that if
sufficient light is available, lens and mirror arrangements can be used
to accomplish any of these results. The means for correcting for
parallax is likewise omitted from the diagrams of the group 2 view
finders. Although the iconoscope is shown as the pickup tube in each
of the diagrams it is obvious that the orthicon or any other type of
pickup tube may be used.

MIRROR W
X VIEWING
MOSAIC-B APERTURE

ICONOSCOPE
FOCUS

— CONTROL

Fig. 1—Mirror arrangement for viewing the optical image on the mosaic
of the pickup tube.

MIRROR ARRANGEMENT FOR VIEWING THE OPTICAL IMAGE ON THE
MosaAIC OF THE PICKUP TUBE

The original iconoscope camera view-finder arrangement is illus-
trated by the diagram in Figure 1. With this view finder the camera-
man, through the use of mirror A, observes on the mosaic B the optical
image which is produced by the camera lens C. The shape of the glass
envelope of the pickup tube is usually such that only a portion of the
image on the mosaic can be observed through the use of this system.
The mosaics of the more recent pickup tubes have very poor light-
reflecting properties and the optical image produced on the mosaic is,
therefore, unsatisfactory from the brightness standpoint. The chief
advantages of this arrangement is its simplicity. It requires a mini-
mum of equipment since it makes use of only the camera lens and does
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not employ a separate viewing screen. No special adjustments are

necessary when changing either the camera lens or the pickup tube.
It has, however, all the limitations previously mentioned in connection
with the group 1 view finders.

SEMISILVERED MIRROR ARRANGEMENT UTILIZING THE CAMERA LENS TO
PRODUCE AN OPTICAL IMAGE ON A GROUND-GLASS VIEWING SCREEN

The diagram in Figure 2 illustrates the view finder system, which
makes use of a semisilvered mirror A to reflect some of the light trans-
mitted by the lens B. This light is again reflected by the mirror C to
produce an optical image on the ground-glass viewing screen D. In the
experimental work on this arrangement, mirrors were used in which
the reflected light varied from 15 to 40 per cent. Since the total light

APERTURE

GROUND GLASS u—
& “D" : VIEWING
——lpe i i

ICONOSCOPE cocus

CONTROW

_SEMISILVERED
MIRROR “A"

Fig. 2—Semisilvered-mirror view-finder arrangement.
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reflected from the front-surfaced mirror A is a comparatively small
percentage of the light passing through the mirror, the light reflected
from the back surface of the mirror may be a fairly large percentage
of the total reflected light. It is, therefore, necessary to use either a
very thin mirror or else have the back surface of the mirror coated
with a nonreflecting film; otherwise the light reflected from the back
surface produces an image which is sufficiently displaced from the
front-surface image to reduce the effective resolution of the view finder
to a point where it is definitely unsatisfactory.

The chief advantage to be found in this view finder likewise lies in
its relative simplicity. With respect to the arrangement shown in
Figure 1, it has the advantages of giving a somewhat brighter image
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and also will provide a view of the scene whose area is greater than
that included in the field of the camera.

The most serious disadvantage of this view-finder arrangement is
that it robs light from the mosaic of the pickup tube and therefore
decreases the effective light sensitivity of the system. Although it
meets requirement 2 it has the other limitations of the group 1 view
finders. Since a separate ground-glass viewing screen is used with this
arrangement it is necessary to adjust the position of the viewing screen
when changing pickup tubes so that the viewing screen is the same dis-
tance from the optical center of the lens as the mosaic of the pickup
tube. This view-finder arrangement also imposes a limitation on the
shortness of the focal length of the camera lens which can be used.

1

VIEWING
APERTURE

W

KINESCOPE

|
! VIDEO
LENS , AMPLIFIER
]
= F !
( ICONO SCOPE

NFocus
7} conTROL

Fig. 3—Kinescope or electronic view finder.

KINESCOPE OrR ELECTRONIC VIEW FINDER

This view-finder arrangement is obtained by incorporating in the
camera a kinescope on which is reproduced the television image. It is
illustrated by the diagram in Figure 3.

The chief advantage of this view-finder system is that the relative
brightness of the view-finder image does not diminish as the s-n-
sitivity of the pickup tube is increased. The brightness of the Kinescaps
view-finder image is determined primarily by the characteristics ¢f th-
kinescope which is used and the operating voltages which are employed.
It, like the view-finder arrangements illustrated in Figures 1 znd 2,
does not necessitate any view-finder adjustments when either pickup
tubes or camera lens are interc‘hanged and no correction for parallax is
required.

In addition to the several limitations discussed in connection with
the group 1 yview finders the kinescope type of view finder has the
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further restriction that the sharpness of the view-finder image is
dependent on the resolution of that portion of the television system
which it includes. It is, therefore, necessary that satisfactory elec-
trical focus of the kinescope be maintained for this view finder to func-
tion satisfactorily. The space required in a camera to house this type
of view finder is relatively large. The several thousand volts which are
used as anode supply for the kinescope present a problem in providing
a satisfactory camera cable. If this camera-cable problem is avoided
by incorporating a voltage-supply unit in the camera a corresponding
increase in the size and weight of the camera results.

LENS

JCONOSCOPE

MOTOR

YIDEO
AMPLIFIER

|

s

KINESCOPE LAt
FOCUS
CONTROL

Fig. 4—Kinescope or electronic view finder with remote focusing control.

KINESCOPE OR ELECTRONIC VIEW FINDER WITH REMOTE-FOCUSING
CONTROL

In the kinescope view-finder arrangement just described, a tele-
vision monitoring unit with its kinescope is in effect moved from its
normal location so that it can be associated directly with the foctising
control in the camera. In the remote-control form of the kinescope
view finder the physical location of the parts is reversed and a remote
camera-focusing control is provided that can be used at the normal
location of the television monitoring unit. The diagram in Figure 4
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illustrates this arrangement. As indicated in the diagram, the remote
control of focus is accomplished through the use of Selsyn motors.

The chief advantage of this view-finder system lies in the fact that
it permits a camera which is small in size and light in weight. This is
especially desirable in portable pickup work. It makes possible a
camera which is particularly suitable for locations which are inacces-
sible to a cameraman. It also provides the advantages which have been
discussed in connection with the previous kinescope view finder. With
the remote-focusing arrangement the only view-finder equipment which
must be housed in the camera is the small Selsyn motor. A wire-frame
view finder mounted on the side of the camera is used by the camera-
man to keep the camera trained on the desired scene. The focusing is
done by a control operator at the monitoring unit.

SPLIT-IMAGE j‘(y
YIEWING
RANGE FINDER APERTURE

LENS - COUPLING

LEN

1ICONOSCOPE

] FOcus
CONTROL

Fig. 5—Split-image view finder.

In addition to the deficiencies of the kinescope view finder illus-
trated by Figure 3, this arrangement has the further limitation that a
fairly high degree of co-ordination is required between the man who
is panning the camera and the man at the remote point who is operat-
ing the focusing control. When the focusing and panning are done by
the same individual he subconsciously starts to adjust the focusing con-
trol in the proper direction to correct for any change in distance

. between the camera and the desired scene.

SPLIT-IMAGE VIEW FINDER AS USED IN THE CONTAX AND
SIMILAR CAMERAS

The diagram in Figure 5 illustrates this type of view finder. It
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utilizes an optical system which is actuated by the focusing control
simultaneously with the camera lens and produces. two optical images
which are accurately superimposed when the camera lens is in focus on
a desired object or scene. The two images are displaced with respect to
each other when the focusing control has not been properly adjusted.
In a view finder of this type which was investigated the condition of
focus could be accurately determined only in a small area in the center
of the picture. Another limitation of this particular view finder was
that when using long focal-length lenses the actual size of an object in
the view finder remained the same as when a short focal-length lens
was used. A hairline indicator was provided to indicate the smaller
field covered by the longer focal-length lens. An adjustment is required
with this type of view finder when interchanging pickup tubes so that

wsw-momeJL rG}OUND
LENS-A | aAss-c VIEWING
%-—a——-’-—t’——’ —_—— LPERT“RE
i
TF fFocus
{lconTroL.
= JICONOSCOPE
————
CAMERA \/ _
LENS-B MOSAIC -D

Fig. 6—Duplicate-lens view finder.

the optical system of the view finder is adjusted to compensate for
variations in the position of the mosaic in different pickup tubes.

DUPLICATE-LENS VIEW FINDER AS USED IN THE ROLLIFLEX CAMERA

As shown in Figure 6, an auxiliary lens 4, which has the same focal
length as the camera lens B, is used to produce on the ground glass C
an optical image which corresponds to the optical image on the mosaic
D of the pickup tube. The position of the ground glass C, with respect
to the optical center of the lens A, must always correspond to the posi-
tion of the mosaic D with respect to the lens B. The two lenses must be
matched accurately for focal length. To facilitate interchanging lenses
of different focal lengths each pair of lenses are usually assembled on a
single mounting plate. This view-finder system provides an image of
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a portion of the area outside that covered by the field of the camera.
A view finder of this type provides a very accurate indication of focus
under all conditions since the view-finder lens can be kept wide open
when the camera lens is stopped down. Since a fast lens is normally
used to provide the view-finder image the brightness of this image has
been relatively satisfactory. The increased sensitivity of pickup tubes,
however, is causing the image brightness obtained from this view-
finder system to decrease to the point where it no longer will be satis-
factory. Some system for parallax correction is required with this type
of view finder. The amount of correction which is necessary is gen-
erally determined by the maximum diameter of the lenses supplied with
the camera.

The inability of this view finder to meet the ideal view-finder re-
quirements is found in connection with requirements 4 and 5. Svince a
separate lens is used to produce an optical image on a ground-glass
screen, the position of this screen must be adjusted to correspond to
that of the pickup-tube mosaic whenever pickup tubes are interchanged.
Since the longer focal-length lenses (20-inch, f/4.5 lemses are fre-
quently used) are large and heavy, the additional lens required for this
view finder not only makes the problem of interchanging lenses more

difficylt but materially increases the over-all size and weight of the
camera.

COMBINATION DUPLICATE-LENS AND KINESCOPE VIEW FINDER

It has previously been pointed out that as the sensitivity of tho telo-
vision pickup tube is increased a corresponding decrease occurs in the
relative brightness of the image in an optical view finder. At present,
when the maximum sensitivity of the orthicon pickup tube is utilized,
the image brightness obtained from an optical view finder, such as the
duplicate-lens arrangement previously described, is on the verge of
being unsatisfactory. With the kinescope type of view finder any in-
crease in the sensitivity of the pickup tube is automatically compen-
sated insofar as the brightness of the view-finder image is concerned.
The types of kinescope view finders which have been described, how-
ever, do not meet performance requirements 1 and 2. If a further
improvement is made in the sensitivity of television pickup tubes, it
may be necessary to use a view finder of the type illustrated in Figure 7.

In this diagram it will be noted that two pickup tubes are used with
a pair of duplicate lenses. Associated with the camera pickup tube are
the normal television amplifier and deflection circuits. The amplifier
used with the view-finder pickup tube is designed to pass a wider fre-
quency band than is normally required by the television system. The
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increase in resolution, which the wider frequency band permits, enables
this view finder to provide a more accurate indication of focus than
could be obtained from the previous kinescope view finders. Since a
separate view-finder lens is employed it can always be used at its maxi-
mum aperture even though the camera lens is stopped down, and thus
provide at all times an accurate indication of the proper focus adjust-
ment. The deflection circuits for the view-finder pickup tube are so
arranged that a slightly greater area of the scene is scanned than is
the case with the camera pickup tube.

The deficiencies of this view finder from the standpoint of the ideal
view finder are in respect to the requirements 4 and 5 which deal pri-
marily with operating convenience. With reference to requirement 4,
when pickup tubes are interchanged, the position of one of the pickup
tubes must be adjusted so that the mosaics of the two tubes are the

|
VIEW -FINDING VIEWING
LENS A= VI APERTURE
— AMPLIFIER |KINESCOPE ™
VIEW - FINDING 1CONOSCOPE|
flrocus
LU CONTROL
; CAMERA 1CONOSCOPE
——
CAMERA \ _
LENS ﬂ—
Fig. 7-—Combination duplicate-lens and kinescope view finder.

same distance from their respective lenses. The electrical focus of both
the view-finder pickup tube and kinescope must be kept in proper
adjustment for this view finder to function satisfactorily. The extra
equipment required for this type of view finder materially increases
the size and weight of a television camera.

COMPARISON OF THE INDIVIDUAL VIEW FINDERS

Table I shows the ideal view-finder requirements that are met by
the several view finders which have been described. The wording used
in the table for each of the requirements is such that a “yes” in the

column beneath a given view finder indicates that it meets the specified
requirements.

CONCLUSIONS

It is apparent that none of the view finders which have been de-

www americanradiohistorv com


www.americanradiohistory.com

TELEVISION, Volume IV

26

BISWED 3Y3 jO JYSam pue

ON oN 3% EEYS ON SAX Sax 9z1§ 9Y3 UI ISEIIOU] SNOLIS © 3INDIL 10° 30
S 'ON
P23UBYIIIIUT 18 SISUI] 10 §IQNY
ON ON ON sax S ON SOX dnyoid usgm pazmbal syuswisnlpe [epads oN
¥ 'ON
FLECERE | .!| £S0U
8ax bLEETY J[qeuonsansy EERY 83X ON ON -34314q pue agls £10308}811eS JO ITBW] S3PIAOIG
N € "ON
B31E [BUOI)IPPE SWIOS JO MIIA §3A13 pue
S 83X 34 ON ON SIX ON 2In301d UOISIAJ[S) UI SUIDS SIUYIP A[9IBMDOY
- B _ T ON
*SUO{}IPUod
83X 89X dlqeuonsang ON ON oN oN [l 13pUN £N30) JO UOIIEIIPU] JIBINIIE SIPIAOIJ
T 'ON
UG Bul aqny SIUAWAINbIY
I9pul MIIA [013u0) -431A uo 3¥ewy | dnydid 3y jo I3puJ-m31A [BIPT
adodsaury 13puig MarA 1opurg mopy | SPP0A-I0WIY | I9puLg marp 20NPaId 03 | 21BSOIN Y3 uo
pue sua] suay sSem [-11jdS yIim O1U0I30a7 Suo] elowe) | afww] [eondQ
-are01dn(y -areondngg : 19pulyg MITA 10 adodsauryy | Juizipnn) jusw 3y Jujalas
. uopeuIqWo) adodsaursyy -38uBlly J0any| -qQ J0j jusw SI3pUL] MIIA
. PRA2AISIIIRG  |-aBuelly 01N
L "ON 9 'ON § 'ON ¥ ON € 'ON T "ON T 'ON
I371dvL

www americanradiohistorv com


www.americanradiohistory.com

VIEW FINDER 27

scribed meet all the requirements of an ideal view finder. The relative
importance of some of the requirements is determined to a considerable
extent by whether the camera is intended for studio or outdoor pickup
work. In general, the duplicate-lens type of view finder has given the
most satisfactory results. If it is desired to keep the size and weight
of the camera as near the minimum as possible, the kinescope view
finder with remote-focusing control is a practical arrangement. A sub-
stantial increase in the sensitivity of television pickup tubes will result
in more consideration being given to the several types of kinescope
view finders.

In this discussion no reference has been made to the relative cost
of the various view-finder arrangements. For the time being, at least,
the cost of television pickup equipment has been considered to be of
secondary importance to performance and operating convenience.
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ELECTRON BOMBARDMENT IN
TELEVISION TUBES*{

By

1. G. MALOFF

RCA Victor Division, Camden, N. J.

Summary—A detailed analysis of actions occurring in an Iconoscope
when an elemental area of the mosaic i8 bombarded by the scanning electron
beam under conditions varying from dark to light. The sticking effect,
important in projection kinescopes, 18 explained.

trolled unidirectional flow of electrons from cathode to platp, and

the bombardment of the plate by these electrons. The controlled
unidirectional conduction is in these tubes the desired effect, and the
electron bombardment is generally undesirable because it heats the
collecting electrode and results in energy losses.

While modern all-electronic television makes use of a great num-
ber of ordinary radio vacuum tubes, its actual functioning depends
mainly on cathode-ray tubes at the transmitting and receiving ends
of the television system. In television cathode-ray tubes the same two
main effects exist, but with an important difference—the electron
bombardment is utilized, while the unidirectional conduction is inci-
dental to the operation of the tubes. Electron bombardment of targets
and the resulting secondary emission make possible the operation of
both the Kinescope (receiving tube) and the Iconoscope (camera pick-
up tube).

There is another distinction between the ordinary vacuum tube and
the television cathode-ray tube. In ordinary tubes the plate acts as
both the target and the collector, whereas in television tubes the target
is either an insulator or an insulated conductor, with the collection of
electrons being done by another electrode. This collecting electrode
is usually the second anode.

When a surface is bombarded by electrons of considerable velocity,
the incident electrons may impart to the electrons near the surface
sufficient energy to escape from the surface. The incident electrons
are called the primary electrons, while the electrons leaving the sur-

I[N AN ordinary vacuum tube there are two main effects—the con-

* Decimal Classification: R583.6 x R138.3
1 Reprinted from Electronics, January, 1944.
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face are called the secondary electrons. The number of secondary elec-
trons emitted for each primary electron, and the velocity of the sec-
ondaries, vary with the velocity of the primary electrons and with the
chemical nature and physical condition of the surface.

BOMBARDMENT RESEARCH TUBE
In Figure 1 a typical tube for studying electron bombardment of a
given surface is shown. The target is located at the center of a
metallic sphere and is kept at a desired potential with respect to the
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Fig. 1—Essential features of special cathode-ray tube developed for
studying electron bombardment of target surfaces.

cathode, thereby assuring a definite velocity of the bombarding pri-
mary electrons. The electron beam is produced in a conventional elec-
tron gun and enters the sphere through a small hole in its wall.
Provisions are made for varying the potential of the sphere with
respect to the target, as well as for reading the currents to the target,
the sphere and the beam current.

For a conducting target, such as pure nickel, the target current I,
is equal to the beam (primary) current I, minus the collector current
I. (I,=I,—1,). A negative value for target current I, indicates that
the ratio of secondary current to primary current (I,/I,) is greater
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Fig. 2—Ratio of secondary electrons to primary electrons as plotted against
speed of primary electrons when using a pure nickel target in the tube of
Fig. 1. :

than unity. When I, is bositive, the ratio is less than unity, and when
I, is zero the ratio ig unity. A curve of variation of this ratio for pure
nickel target as a function of velocity of primary electrons is shown
in Figure 2. (For a contaminated metal surface the secondary emis-
sion ratio is generally greater than for the clean surface shown.)

EQUILIBRIUM POTENTIAL OF TARGET

At a given voltage difference between the target and the cathode
one may apply increasing negative or retarding voltages on the col-
lector with respect to the target. When this is done, the collector cur-
rent will gradually drop to zero.

For pure nickel and a 500-volt beam, the curve of the ratio of col-
lector current to beam current as a function of the retarding voltage
is shown in Figure 3. At point P, where the curve goes through a ratio
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Fig. 3—Ratio of collector current to beam current as plotted against nega-

tive retarding potential (collector negative with respect to target) when

using a pure nickel target and a fixed primary electron speed of 500 equiva-
lent volts in the cathode-ray tube of Fig. 1.
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value of unity, the target current I, is equal to zero. This is an impor-
tant point on the curve. Since there is no current flowing to the target,
the lead to the target may be cut under the conditions at P without
disturbing either the electrode potentials or the currents to them.

Since the potential of the target is not changed when the target lead
is cut under the conditions at P, the target potential is still equivalent
to the beam velocity. The collecting sphere, however, is at —3 volts
with respect to the target. A conclusion follows: an insulated nickel
target will assume a potential of 3 volts higher than the collector for
500-volt primary electrons. (The collector has to be at 497 volts.) Or,
generally speaking, when the secondary emission ratio is higher than
unity, an insulated metal target will assume a potential of a few volts
positive with respect to the collector. This potential is called the
equilibrium potential of an insulated target under electron bombard-
ment. The velocity of the primary electrons will of course be equiva-
lent to the sum of the collector voltage plus the voltage between the
insulated target and the collector.

STICKING EFFECT

Now let the nickel target float and increase the collector potential
to 1700 volts. The secondary emission ratio of pure nickel at this
voltage is unity and the target will float to the same potential as the
collector, so that the difference of potential between the two is zero.

If the collector potential is further increased, the insulated target
will stay at the same potential with respect to the cathode. In other
words, it will be getting more and more negative with respect to the
collector. This phenomena is called the “sticking effect” in television
vernacular. To observe how it happens, make a metallic connection
between the target and the collector and raise both to 2000 volts with
respect to the cathode. The secondary emission ratio at 2000 volts is
nine-tenths, and while meter I, will measure the current flowing to the
target and collector together, nine-tenths of it will flow to the collector
and one-tenth to the target.

If the target is now disconnected and left floating, more electrons
will be arriving at it than departing from it, charging it negatively
with respect to the collector. At the same time the arriving primary
electrons slow down to the velocity equivalent to the actual voltage
between the target and the cathode.

With primary electrons slower than 2000 volts, the secondary emis-
sion ratio increases, and finally, when the target is at exactly 1700
volts positive with respect to the cathode, and 300 volts negative with
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respect to the collector, the ratio becomes unity. In other words, the
target here “sticks” at an equilibrium potential of 1700 volts, and any
increase in the voltage on the collector will not increase the potential
of the floating target.

The two cases just described play a very important part in the per-
formance of television cathode-ray tubes and have to be clearly under-
stood before an analysis of their performance can be undertaken.
Sticking is especially important in projection kinescopes when it is
desired to use high voltages on the second anode to get more light.
Before using these high voltages, such as 20 to 70 thousand volts, one

O Sitver i
hglobiles:

..; Def/&(?f;ﬂg SR
i cells, MRL T

gur PR A

Fig. 4—Essential features of a standard Iconoscope for
electronic television cameras.

must make certain that the luminescent material does not “stick”
below the value chosen.

MosaAIlc 18 TARGET IN ICONOSCOPE
The action of electron bombardment in a standard Iconoscope is
somewhat similar to the case of bombarding an insulated metal target
with electrons having a velocity at which the secondary emission ratio
of the target is greater than unity.
Figure 4 shows the arrangement of the essential parts in a stand-
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ard Iconoscope. Generated by a conventional electron gun, an electron
beam of approximately 1000-volt velocity enters a nearly equipotential
space in the bulb portion of the tube, where it strikes the photosensitive
mosaic. The mosaic consists of a multiplicity of minute silver globules,
oxidized and caesiated (in other words, photo-sensitized), uniformly
distributed on a 9 X 12-cm sheet of mica only 0.0025 em thick. The
back side of the mica sheet is platinized to form a capacitor between
the globules and the platinum coating, haying a value of 122 uuf per
8q cm.

The secondary emission characteristics of oxidized and caesiated
silver vary greatly, depending on the condition and method of prepara-

The Tconoscope—a television pickup tube.

tion of the surface. These variations however are restricted to the
maximum value of the secondary emission, while the relative velocity
or energy distribution of secondaries changes little.

A typical energy distribution curve of secondary emission of photo-
gensitized silver for 1000-volt primaries is shown in Figure 5. As may
be seen from the curve, the secondary emission characteristics of a
complex surface differ from those of pure metals. In the case under
consideration two important characteristic features attract attention
at once. The first is the fact that the secondary emission ratio reaches
a very high value of 5.1, compared with slightly more than one for
pure nickel.
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The second feature is that, with the collector at zero potential with
respect to the target, not all the electrons from the target are col-
lected. Apparently either there are some electrons hidden in the
crevices of the surface, or some electrons are emitted with “insuffi-
cient” velocities to reach the collector. They may be drawn to the
collector by applying positive potentials to the collector with respect to
the target. The second feature, while interesting, is of little impor-
tance to us since the collector is seldom positive with respect to the
mosaic. Our interest lies, fherefore, in the portion of the curve to the
right of the line of zero collector potential.

SCANNING ACTION

In actual Iconoscopes, the primary beam may be used with electron
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Fig. 5—Secondary emission characteristic of photosensitized silver.

velocity between 500 and 2000 volts. Usually however, the velocity is
1000 equivalent volts. The beam is focused at the mosaic to an area
of approximately one picture element. Therefore, at any one instant
the area under electron bombardment is that of one picture element.
The scanning spot, however, moves along the mosaic at a very high
speed, bombarding a point on the mosaic for only 1.28 X 10—7 sec. for
every frame of a 441-line picture.

If light falls on a portion of the mosaic, photoelectric emission
takes place, and by losing some electrons that portion of the mosaic
acquires a positive charge. Suppose a portion of the mosaic is charged
to one volt positive, and consider what happens when this mosaic is
scanned, first the part of it having no charge, then the boundary
between the dark, the uncharged mosaic and the positively charged
lighted mosaic, and finally when the lighted area is scanned.

The scanning spot may be considered as a square brush having an
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area of one picture element. The charges on the globules or sub-
elementary capacitances under the spot are instantaneously equalized,
so that one may talk of the potential of the spot and the charge on the
spot. The charge on the spot is affected by the charging current, which
is equal to the difference between the secondary current and the
primary or beam current.

The charging current characteristic shown in Figure 6 is easily
derived by subtracting the beam current (unity) from the secondary
emission characteristic. In the interval from 0 to 2 volts the charging
characteristic is represented very closely by the straight line:
Icy=(a—BV)I,=(3--1V) I,, where V is the potential of the
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Fig. 6—Charging current characteristic of an Iconoscope mosaic.
target with respect to the collector.

SCANNING A DARK AREA

Now suppose the spot is moving in a normal scanning manner along
the uncharged portion of the mosaic. If a steady state has been reached,
the current to the signal plate, the potential of the moving spot, and

the potential of elements already scanned are all steady and constant.
The charging current is therefore

ICH:(H_BV) Ib (1)
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The mosaic elements after scanning are all charged to the same
potential V. Since the capacitance charged per second by the spot is
nNC, the charge left by the spot on the mosaic is *NCV coulombs per
second, where n is the number of elements per frame, N is frames per
second and C is the capacitance of a picture element. Coulombs per
gecond is current in amperes; therefore, the two currents must be
equal:

I(a—BV)I,=nNCV (2)

Solving this for V gives

Fig. 7—Equivalent circuit of a dark mosaic undergoing scanning.

Now letting 1/aNC =R, letting 1/81,=1r and letting «/8B=EFE,
gives

R,

V=E, (3)

r+ R,

The solution in Equation (8) is an exact equivalent of a simple
charge of capacitors by a commutating brush in the arrangement
shown in Figure 7. The brush, covering a number of capacitors of a
total capacitance C and commutating nNC farads per second, charges
them through a resistance 1/8 I, from a battery of a/,B volts.

SCANNING A BOUNDARY

If at time £t = 0 the leading edge of a rectangular scanning spot or
brush reaches the boundary between dark and lighted portions of the
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mosaic, a transient condition will prevail until some later time, when a
new and different steady state will be reached. As shown in Figure 8,
before the leading edge of the spot reached the lighted portion, the
current to the mosaic and voltage to which its elements are charged
are both steady and of values given. Thus, before t =0, V=E,R,/(r
+R,) and Iy=E,R,/(r+ Ry) .

After t = 0 the charge coming under the spot is nNCE, coulombs
per second, the charge left over on the mosaic after scanning is nNCV
coulombs per second, and the secondary emission charging current is
(E,—V)/r. These quantities should satisfy the following equation
at all times: '

t

E,—V
VC = uNCEy + ———— — nNCV | dt (4)
0 r

Fig. 8—Scanning from a dark area into a lighted area.

Equation (4) reduces to a linear differential equation which when
solved by conventional methods gives

dv. r+ R, Eyr + E.R,
V= :

dt rR,C R,rC

Rl r —T+R1t
V=F, + EO 1—e rRAC (5)
r+ R, r+ R,

At t = o a new steady state is reached, expressed by

(6)
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SCANNING CURRENTS AND POTENTIALS

The transient charging current while scanning the boundary is
given by

lIy=Iley= (a—BV) I, = (E;—V)/r

1 —r+R1I
=1, [Es_Eo <1—e rE¢ >] (7)
r+ R,

For values of constants encountered in practice, a plot of the charg-
ing current / is given in Figure 9. A spot which instantaneously
equalized all the charges under it has been assumed. That such a con-

Fig. 9—Transient charging current I and mosaie potential V
during scanning.

d’tion actually occurs, there is little doubt. However, authorities dis-
agree as to the values of electron densities at which the surface under
bombardment begins to be thoroughly conductive.

If there is no surface conductivity under the electron spot, the
nonconductive charging current curve in Figure 9 applies. It may be
seen that it is of small importance whether there is, or is not, conduc-
tivity under the spot. Except for a small difference in the duration of
the transient, the two discharge processes differ very little one from
another. The magnitudes of current changes are between 8 and 9
hundredths of a microampere.

The potentials V left over on the mosaic by the scanning spot are
also almost equal in the two cases, as is shown by the lower curves of
Figure 9. A thing to note, however, is that it is hard to expect a
potential change on the globules from before to after scanning, greater
than 6 tenths of a volt. For a most efficiently activated mosaic this
value may rise to one volt.
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MosAaIC CAPACITANCE

So far in this study of charging action of the electron bombardment
some broad simplifying assumptions were used. This action was
studied under the assumption that the mosaic plate is infinite in area,
but has constants per unit area of the actual mosaic. As a result ex-
pressions were obtained for the video-frequency currents, time con-
stants, potentials, of the mosaic before and after scanning, etc. An
infinite area, however, means an infinite capacitance capable of absorb-
ing any charge without a change in voltage. Actually, the iconoscope
mosaic has large but finite capacitance, which may be considered
infinite only for the upper region of the video frequencies.

At low video frequencies the mosaic capacitance plays a very im-
portant part, as is substantiated by the experimental evidence shown
in Figure 10. When scanning a mosaic in the dark, the iconoscope
output current is not zero. In fact, its peak-to-peak value is of the
order of 5x 108 ampere. In the reproduced picture this spurious or
dark spot current would produce a great distortion, if it were not com-
pensated for and balanced out.

Now, if a light pattern of horizontal bars is thrown on the mosaic,
a square wave of current is generated by the bombardment. The square
wave is superimposed on the dark-spot signal. The oscillograms show
the wave shape of one field of television signal with its darkspot signal
(vertical dark spot). Besides the vertical dark spot there is a hori-
zontal dark spot in the signal, but in these oscillograms, the line fre-
quency and all higher frequencies were filtered out.

SpURIOUS OUTPUT SIGNALS

The spurious signal of the iconoscope is a result of scanning of the
mosaic by the bombarding beam. Essentially, the Iconoscope is an a-c
device, since its output current flows to its signal plate which is a
terminal of a 0.013-uf capacitor. The secondary emission current at a
steady-state condition therefore has to average out to a value equal to
the beam current, while the bombarding electrons are knocking out
five times their number from the mosaic. The excess electrons return
to other parts of the mosaic and charge it in their turn. They charge it
in a nonuniform manner, contributing to the vertical and horizontal
spurious signals.

In general, with the mosaic in darkness at the start of the scan of
a frame (or a field, rather) more electrons flow to the collector or
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Fig. 10—Oscillograms and curve showing effect of mosaic capacitance. (a)

—~Signal plate current with mosaic in darkness; (b)-—signal plate potential

with mosaic in darkness; (c)—signal plate current with mosaic illuminated
by 120-cycle square wave pattern.
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second anode than are supplied by the beam to the mosaic. The current
flows dqwn from the signal plate, charging it negatively. Somewhere
in the middle of the scan the flow of electrons to the mosaic becomes
equal to the flow to the collector, and the current to the signal plate
becomes zero. Then it reverses direction and charges the signal plate
in a positive direction, while the flow of electrons to the mosaic is larger
than to the collector.

EQUIVALENT GENERATED EMF

Since the Iconoscope is a generator of electrical signgls, one may
inquire whether it can be represented as a source of an emf generated
in some sort of a passive network. Since its output occurs as a current
between an output terminal and ground one may inquire as to the value
of equivalent emf generated and the magnitude and sense of its equiva-
lent impedance, reactance and resistance. These have been investigated
by the old reliable experimental method used in determining the emf
and the internal resistance of a battery. The device is loaded with
resistances of various values and the output current is read by a suit-
able meter. A set of simple simultaneous algebraic equations results
which when solved yields the desired values.

EFFECT OF BAR PATTERN

Assume that a pattern of alternating black and white bars is thrown
onto a mosaic of a normally operating Iconoscope. The resultant signal
is then composed of a 180-cycle square wave plus a spurious signal.
The voltage output across a normal coupling resistance is observed,
then resistors of different values are inserted in series with the normal
coupling resistor. The resultant oscillograms are shown in Figure 11.
Apparently more than the capacitance of a single picture element is
active in the Iconoscope at low frequencies—about one-tenth of the

mosaic area in fact, while the emf generated by the Iconoscope is 0.3
to 0.5 v.

CONCLUSIONS

As we have just shown, the fact that the Iconoscope is utilizing
electron bombardment and secondary emission does not mean that it is
in a class of devices which are foreign to communications engineers.
It is a generator of electrical signals, having an internal impedance
and a definite electromotive force. Its characteristics are readily meas-
ured and used in the design of television systems; while certain of its
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Fig. 11—Internal impedance measurements on an Iconoscope having a beam
current of 0.1 ua and a 180-cycle square-wave output signal. Impedance
values R in Iconoscope circuit (c¢) for the four oscillograms are as follows:
(a)—o ohms; (b)—6 megohms; (c)—12 megohms; (d) 18 megohms. The
equivalent circuit of 180 cycles with no backlighting is shown at (f).

actions do not make it an ideal generator of a video signal, it has made
possible modern high-definition television.*

* For a list of references on the subject the reader is referred to the
extensive bibliography in “Television,” by Zworykin and Morton, John Wiley
& Sons, New York, 1940.
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IMAGE ORTHICON CAMERA*}

By
R. D. KELL AND G. C. SZIKLAI
Research Department, RCA V.aboratories Division,

Princeton, N. J.

Summary—One of a series of developmental television cameras using
the image orthicon is described. The complete camera weighs less than
forty pounds. The input power required by the camera is 800 watts. This
power may be supplied by a non-regulated power supply or generator. A
unique regulated high voltage supply was developed for the electron multi-
plier and image section of the camera tube. The camera circuits include the
deflection system, voltage regulators, black-level setting, blanking circuits,
and video amplifiers. A total of seventeen tubes is used in the camera. An
extremely high-sensitivity version of the camera, using reflective optics, is
also described.

I. INTRODUCTION

7 ][ <YHE development of the image orthicon! provided a camera tube
for an extremely sensitive television camera. In addition, due to
its high output signal level, it permitted a substantial reduction

in the number of tubes used in the video amplifier, and thus permitted
the incorporation of other circuits within the camera that were built
into auxiliary equipments in previous types of cameras. While certain
operating features of the image orthicon provide simple blanking and
black level setting, the photo-cathode image section and multiplier elec-
trodes require potentials of such values and stability that new circuits
had to be designed to permit the incorporation of these supplies in the
camera.

II. RESOLUTION

During the early part of the development the major effort was
applied to improving the resolution of the image orthicon. In the
course of the investigation, it was observed that by scanning only a
portion of the target considerably better resolution was obtained than
when the whole target area was scanned. In order to determine whether
the lack of resolution was due to limitations in the scanning or in the
image section of the tube, or possibly in the coupling section between
the camera tube and the amplifier, a variable frequency signal was
applied to the target. Tt was found that a 5-megacycle signal was satis-
factorily passed by the scanning section and the amplifier, indicating

* Decimal Classification: R583.12.
+ Reprinted from RCA REVIEW, March, 1946.
! Paper on the image orthicon was presented by A. Rose, H. B. Law,

zllsr;gﬁP. K. Weimer, at the I.R.E. Winter Technical Meeting, on January 24,
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that the limitation was caused by the image section of the tube. The
fact, however, that scanning a small portion uf the target provided a
well-resolved picture indicated that the image section itself formed a
picture of satisfactory resolution. These experimental results tended to
show that an interaction between the scanning and the image section
was degrading the picture.

Upon the assumption that the horizontal scanning field was vibrat-
ing the electron image on the target, and thereby blurring the picture,
a portion of the horizontal deflecting current was applied to an auxil-
iary coil locatea over the image section. This current had a direction
opposite to that in the deflecting coil in order to cancel the variable
component of the magnetic field. The experiment resulted in consider-
able improvement in resolution.

Fig. 1—Focusing, Deflection, and Alignment Coil Assemblies.

As another approach to the problem, this crosstalk effect was re-
duced by careful shielding. The problem was pursued further, since it
was known that a reduction of the deflection power would proportion-
ally reduce the effect. A simple reduction of the focusing field intensity
allowed a reduction in deflection power, but it degraded the resolution
around the edges of the picture, and hence was not permissible. How-
ever, it was found that by reducing the focusing field over the deflec-
tion coils and reinforcing it over the gun and the target, better resolu-
tion in the corners was obtained because of better electron landings.
It was further found that the desired field distribution could be
obtained with a uniformly-wound focusing coil and a magnetic shield
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(of iron wire) over the focusing coil. This method, with the addition
of electrostatic shielding, was finally adopted. The arrangement con-
siderably reduced the required deflection power and provided a resolu-
tion in excess of 450 lines under high light conditions. In cameras
where a maximum resolution is required, the image section bucking
coil was also provided.

Figure 1 shows the focusing coil assembly, the deflection coil as-
sembly, and the alignment coil in the usual order with the shields. The
shield which extends from the deflection coil over the gun end is to pre-
vent pickup from the deflection coil by the signal lead.

I1I. THE CIRCUITS

A block diagram of the camera is shown in Figure 2. The video
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Fig. 2—Camera Block Diagram.

output is taken from the last, or fifth, multiplier of the orthicon across
a 33,000-ohm resistor, through which a high potential of approximately
1500 volts is fed to the multiplier. This load resistance is about one-
tenth of the conventional value used with iconoscopes. It is permitted
by the higher signal current output of the image orthicon. The lower
signal output resistance also permitted the use of a correspondingly
reduced amount of equalization in the high peaker circuit? in the sec-
ond video amplifier plate circuit. With the five stage multiplier image
orthicon, substantially all the noise generated is due to the scanning
beam, and with the reduced equalization in the high-peaking circuit
there were no noticeable microphonics due to the amplifier system.

2 U. S. Pat. No. 2,151,0712—A. V. Bedford, March, 1939.
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By using a clamping circuit at the fourth video amplifier stage to
reinsert the low video frequencies, further assurance was taken to
keep the camera free from microphonics generated in the amplifier.

The clamping circuit is shown in Figure 3, and it functions as fol-
lows:® At the input to the amplifier the video signal is given a reference
level, such as black, during the horizontal return time. This reference
level is readily obtained by applying pulses to the target of the image
orthicon during the horizontal blanking interval. These pulses cause
all of the scanning beam to return to the multipliers. This is a signal
which is equivalent to black level. After this reference level is inserted
in the signal, the low frequency response of the video amplifier can be
reduced to the point where it will just pass a square wave correspond-
ing to line frequency. At a high signal level, where all danger of
microphonic disturbance in the amplifier tubes is passed, the signal at
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Fig. 3—Direct Current Setting Circuit.

the time of the black reference (which has become variable in level due
to the presence of picture signal) is again established at a fixed value.
With black level representing a fixed bias on the amplifier stage, it
follows that the low frequency and direct current component of the sig-
nal are again present. Referring to Figure 3, the video signal which
has lost the direct current and all low frequency components, passes
from the plate circuit of tube A to the grid tube B through the small
coupling condenser C. The grid leak on tube B is replaced by the two
diodes of the 6H6 type. The push-pull pulses obtained from the tube E
are applied to the diodes. The pulses cause both diodes to conduct. This
is equivalent to connecting the grid of tube B to the battery through a
switch. This makes the potential of the grid corresponding to black
equal to the battery voltage.

8. S. Pat. No. 2,299,945—K. R. Wendt, October, 1942.
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The reconstructed signal is mixed with a blanking signal in the
plate circuit of the fourth amplifier stage, then fed to a cathode follower
output stage, which provides a complete video signal of approximately
one volt peak-to-peak value.

The deflection circuit consists of the horizontal and vertical oscilla-
tors, the two discharge tubes in one envelope, and class A, type deflec-
tion output stages for both the vertical and horizontal deflection.

The high voltages for the image orthicon were obtained by rectify-
ing the return sweep voltage of the horizontal output stage. Any change
in the deflection voltage then tended to upset the operating condi'tions
of the image orthicon tube. Since the photo-cathode voltage, in particu-
lar, is very critical, a simple voltage regulator was devised.

Owing to the fact that the current required was exceedingly small,
the constant current property of a pentode was considered the simplest
method of providing a constant voltage. A further improvement in
regulation was obtained by applying a portion of the rectified potential

Ya

4+150QV.
o.c.

Fig. 4—High Voltage Power Supply and Regulator
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-390V,
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to the control grid of the pentode rectifier and degenerating any change
that might occur.

The circuit is shown in Figure 4. A portion of the high alternating
current pulse voltage across the horizontal deflecting output transform-
er is rectified by the pentode V3. The useful direct current voltage sup-
ply then occurs at the negative terminal shown and is regulated by suit-
ably controlling the grid voltage of the pentode. A portion of the output
of the power supply G is regulated by the glow discharge tube V2 and is
used for the screen supply to V3. This regulated voltage also serves as a
reference potential for the control action, in that a portion of the recti-
fied output voltage is subtracted from it and applied to the control grid.
This arrangement will produce a large potential change of the grid volt-
age with small percentage change of the output voltage. When the nega-
tive potential tends to increase across the load resistance R, the grid
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becomes more negative and the resistance of the circuit increases,
thereby reducing the potential across the load. The high voltage for the
multipliers is supplied by the rectifier V4. The wall coating and per-
suader voltages are obtained from the voltage regulator V2 which is
actually two VR-150 tubes in series.

Fig. 5—Top View of Camera Chassis

Figure 5 shows the top of the camera chassis. The high voltage
signal coupling capacitor may be seen in the left side of the picture.
The video amplifier is located in the bottom row. The voltage regu-
lators, high voltage supplies, and deflecting circuits occupy the top row.

Fig. 6—Bottom View of Camera Chassis

The bucking coil to eliminate the image jiggling is on top of the focus-
ing coil. A bottom view of the chassis, showing the circuit components,
is given in Figure 6. The voltage divider for the electron multipliers
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is at the left side, the potentiometers at the top, and the deflection
transformers at the left side of the picture. Four controls, namely, the
scanning beam bias, the scanning section focusing control, the image
section focusing control, and the amplifier gain control are readily ac-
cessible by the opening of a hinged lid. The other controls are normally
covered with a plate fastened with screws.

Fig. 7—External View of Camera Assembly with Lens

IV. THE CAMERA ASSEMBLIES

Figure 7 shows an external view of the camera assembled with a
12 em. f 2.7 lens. Figure 8 shows an image orthicon camera assembled
with a reflecting Schmidt optical system. The photo-cathode surface of

Fig. 8—Camera Assembly with Reflective Optical System

www americanradiohistorv com


www.americanradiohistory.com

50 TELEVISION, Volume 1V

the image orthicon used in this camera was properly curved in order
to secure proper focus of the optical image of the entire field of view,
and it was placed approximately in line with the spherical mirror. The

ASPHERICAL SPHERICAL
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Fig. 9—Construction of the Reflective Optical System

Fig. 10—Camera Demonstration Setup
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design of the optical system is shown in Figure 9. A brass barrel pro-
vides a rigid structure for the system. The focusing is adjusted by the
plane mirror which reflects the image on the photo-cathode of the image
orthicon. The system has an (f) power of .7 and an aperture of 10
inches. The completed optical unit has a resolution of better than 1000
lines at the image surface.

Fig. 11—Television Picture Taken Fig. 12—Picture with the Subject
with the Subject Illuminated by Illuminated by a 25 Watt Desk
3 Kilowatt Incandescent Light. Lamp.

el

Fig. 13—Picture with the Subject
TIlluminated by One Candle.

V. PERFORMANCE

Figure 10 shows a typical demonstration setup with the image
orthicon camera using the f 2.7 lens. Lighting can be provided by the
two one-and-a-half kilowatt reflectors, a 25 watt lamp, or by one to four
candles. Figure 11 shows a picture taken from a 12-inch direct view-
ing monitor when the subject was illuminated by the two one-and-a-
half kilowatt lights. Figure 12 shows the same subject illuminated
with the 25-watt lamp, and Figure 13 shows the same subject with a
single candle at a distance of three feet as the only source of illumina-
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tion. The main difference between the last two pictures is in the noise
present, which can not be seen in the photographs due to the inherent
integration of the exposure.

The sensitivity of the Schmidt camera was found to be adequate to
detect the presence of a test pattern in an incident illumination of 150
microfoot candles. For 200 line resolution of the test pattern, however,
1.5 millifoot candles were required.
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By
R. E. SHELBY AND H. P. SEE

Engineering Department, National Broadcasting Company, Inc..
New York, N. Y,

Summary—A resume is given of the history of NBC Field Television
Operations. The four periods of this history, corresponding to four major
types of pickup equipment, are outlined and the scope of activities possible
during each period is described. Special attention is paid to the fourth
period, just now beginning, which is characterized by a greatly widened
scope of potential field programs made possible by the new Image Orthicon
camera. Some of the characteristics of this new camera, as they affect field
operation, are discussed and experience in its use is described.

recapitulation of NBC television programs reveals that 409
A of the program hours broadcast between the opening date

of the public service, April 30, 1939, and December 31, 1945
were originated by remote pickup. A total of 1167 program hours
were devoted to field events during that period although, because of
the war, no activity was recorded for the 16% months between the
middle of May 1942 and the first of October 1943. Television programs
originating outside the studio have always been considered to hold an
important place in a well-rounded program service, and in television
development work early attention was given to providing facili-
ties for originating such programs. Progress in this line of work has
been reported from time to time in the technical literature#; therefore
the present report will not give the history of these developments in
detail. It is intended rather to give an overall picture of the present
status with some review of the past work which has lead up to the
present state of the art.

Field operations for NBC television broadcasting is divided into four
rather distinct periods, determined principally by the characteristics
and capabilities of the pickup equipment available during each period.
It is true that much progress was continuously being made at all
stages in the development of this service on matters of technique and
operating procedures, but it is, nevertheless, also true that the charac-
teristics of the pickup equipment were the major factors in determining
the scope of field television operation. The four periods referred to
above may be characterized as follows in terms of the pickup equipment
available in each:

* Decimal Classification: R583.17.
1 Reprinted from RCA REVIEW, March, 1946.
# See Various Footnotes.
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1. Iconoscope Studio Type Equipment permanently mounted in
large vehicle.

2. Orthicon Pickup Equipment permanently mounted in large
vehicle.

3. Transportable Suitcase Type Pickup Equipment.

4. Equipment Employing the Image Orthicon.

The fourth period is the one which we are just entering and it
gives promise of surpassing by far all previous records with regard
to the wide variety of events which will become available for television
broadcasting.

In addition to the pickup equipment employed in field operation,
it is, of course, necessary to provide a suitable means for transmitting
the television signal back to the main studios or to the broadcast trans-
mitter. This may be done by either radio relay circuits or wire lines.
Both means have been used successfully in the past and there is every
indication that we will see the continued use of both means for at least
some time to come. Progress made in microwave radio frequency equip-
ment for a variety of uses during the war will undoubtedly lead to sub-
stantially improved radio frequency links for this television relay appli-
cation in the near future. The present paper will be concerned
prinecipally with the pickup equipment and the program limitations
imposed by it rather than with the problem of the relay link. Each of
the four periods of NBC field television operation will now be considered
in more detail.

IcoN0SCcOPE STUDIO TYPE EQUIPMENT PERMANENTLY
MOUNTED IN LARGE VEHICLE

Some indication of the rapid development that has taken place in
television pickup equipment may be obtained by examining the facili-
ties available for field operation at the beginning of the NBC television
public service on April 30, 1939. A large van type of vehicle was neces-
sary to house and transport the studio type equipment—cameras, camera
and power cable, microphone cables, interconnection cables, and the
large variety of accessories required to do a proper job on a field set-up.
Despite the size of these vehicles (a second vehicle of about the same
gize housed the permanently mounted radio relay transmitter), they
were relatively efficient and mobile. (See Fig. 1) Their size and
weight did prevent their reaching marshy or sandy locations, and some
areas where parking was at a premium were difficult to reach. They
were, however, capable of moving normally in city traffic and on the open
road. The great disadvantage from an operating standpoint lay in the
fact that the equipment was, of necessity, permanently mounted in the
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vehicles. The cameras were equipped with 250 feet of camera cable
and this accordingly was the radius of action from the vehicle housing
the control equipment.

The original equipment installed in this large vehicle employed
an iconoscope camera and studio type rack-mounted amplifiers, control
equipment and synchronizing signal generator. At the time this equip-
ment was built, the iconoscope was (and in some respects still i) the
most satisfactory type of direct television pickup tube available. With
medium and high levels of illumination, it produced highly satisfactory
pictures and for day-time out-door field television operation where the
incident illumination did not fall below several hundred foot candles,

Fig. 1—Telemobile Units in Rockefeller Plaza, New York City, 1939.

the results obtained were generally good. In addition to the fact that
the pictures obtained under conditions of very low light levels were
degraded by excessive amounts of “dark spot” signal, edge flare, and
other defects, it was soon found that the iconoscope had additional
limitations in field operation which were not serious in its use in the
studio. As regards the use of iconoscope cameras, studio operation has,
in effect, a threefold advantage over field operation. In the studio, the
lighting is under control of the operator and may be modified to suit
the needs of the scene being televised; scenery, back-drops and drapes
may be employed having light reflection characteristics suitable for
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the camera; and finally, in studio operation rehearsal will usually have
given the operator a knowledge of the shading problem to be encoun-
tered as the program progresses. On the other hand, in field operation
—especially outdoors—the lighting is generally not subject to any
control, and may fluctuate over a wide range; the scene being televised
in many instances may have an unfavorable background or direction
of the lighting may be unfavorable; and usually the event being tele-
vised is spontaneous and unrehearsed so that the operator has little
warning of the changes to be encountered in shading. During this
period of the NBC field television operation, the fact that peak field
program hours occurred between the months of June and September

e

5 E E = _ 3 £ L ..-r.-u. -\_ﬁmn;.mr o
Fig. 2—Ceremonies at Opening of New York World’s Fair, April 30, 1939.
(Television Camera on Platform at Extreme Right.)
was not because most field events suitable for television pickup occurred
during those months, but rather because most of the outdoor events
of this kind occurred at that time. The field program curve tapered off
in November during the football season and took a sharp drop as the
gridiron season ended. During the winter months, an occasional out-
door program was originated and a few indoor programs were at-
tempted using added illumination for the benefit of the iconoscope
camera. Many events which would have made good television programs
could not be transmitted because of the amount of light required by

the iconoscope camera.
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Despite the limitations imposed by the equipment in use, several
hundred interesting and timely television programs were presented
originating at locations as far as 28 miles from the main studios.
Although the iconoscope suffers from relatively low sensitivity in com-
parison with other types of pickup tubes, when an adequate light level
is available, the overall quality of the picture obtained with an icono-
scope camera is probably superior to that from any other type of pickup
device so far used in the program service.

The outstanding program originated with this first field pickup
equipment was the inauguration of the television public service on
April 30, 1939 when the late President Roosevelt was televised during
the opening ceremonies of the New York World’s Fair. (See Fig. 2)
A program more typical of field operation with this equipment, how-
ever, was the pickups of tennis matches at the Westchester Country
Club at Rye, New York during the summer of 1939.

ORTHICON PICKUP EQUIPMENT

A major revision in the field pickup equipment was made during
the month of September 1939 when a new camera employing the
orthicon type of pickup tube was substituted for one iconoscope
camera in the mobile unit. For some time thereafter, the unit was
operated with a combination of one orthicon camera and one icono-
scope camera. The importance of this change in equipment lay in the
relatively greater sensitivity of the orthicon tube. Although a direct
comparison in sensitivity between the orthicon and the iconoscope is
difficult because of their differing contrast characteristic, the orthicon
has an effective sensitivity between 3 and 10 times that of the icono-
scope for scenes of low incident illumination. In addition, it is essen-
tially free from spurious signals, such as the “dark’spot” in the icono-
scope. With the orthicon camera, the scope of television field activity
was immensely widened. Many events previously unavailable because
of the lighting problem now could be satisfactorily televised. The
second halves of football games played in the late Fall were now made
entertaining as television program fare whereas with the iconoscope,
particularly on overcast days, the pickup had been very unsatisfactory.
Even with the orthicon camera, in late November and early December,
the light condition near the end of the games sometimes was such that
the picture quality was seriously degraded. In some instances, the light
level dropped so low that floodlights were turned on for the benefit of
the players and spectators and under these conditions the orthicon
gave very satisfactory results. Another important advantage of the
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orthicon, in comparison with the iconoscope, is the smaller mosaic
size. The area of the mosaic of the orthicon is only approximately
one-fourth that of the iconoscope, and this permits the use of substan-
tially smaller lenses to obtain the same angle of view. This is a fairly
important item in field operation where a large assortment of lenses
must be provided to obtain various viewing angles depending upon the
available camera location and the type of coverage contemplated.

Perhaps the most important class of programs made available for
the first time by use of the orthicon camera was the large class of
indoor sporting events such as boxing, wrestling, ice hockey, basketball,
indoor track, etec. Nearly all of these events are presented under condi-
tions of lighting which are satisfactory for the orthicon camera but

Fig. 3—Orthicoh Camera in Use in Madison Square Garden, New York.

too low for useable pictures with the iconoscope camera. The impor-
tance to television broadcasting of the availability of events of this
kind can hardly be over-emphasized. They have formed an important
part of the total television program service ever since the first orthicon
camera was placed in service. Figure 8 shows the orthicon camera in
use for program pickups that are typical of the enlarged scope afforded
television field operation by the use of this important development.
Although the orthicon has substantially greater sensitivity than
the iconoscope and is essentially free from the spurious ‘“dark spot”
signal which plagues the iconoscope, it does have certain disadvantages
compared to the earlier, less sensitive type of pickup tube. One of the
principal disadvantages is its tendency to “charge up” when subjected
to light intensity exceeding a certain threshold value. This phenome-
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non is due to the inability of the low velocity electron scanning beam
to completely discharge areas of the mosaic subjected to high light
intensities exceeding a certain threshold value determined by the beam
current. This weakness produces especially annoying effects on indoor
pickups when photographers’ flashbulbs are set off in the field of vision
of the camera. This invariably occurs during climactic episodes of the
event being televised and frequently portions of the most exciting
action are lost to the view of the television audience before stable oper-
ating conditions can be re-established in the orthicon pickup tube.
Trouble is also encountered in televising outdoor events in bright sun-
light when a portion of the scene is in shadow and the rest in sunlight.
Changes in the contest being televised which necessitate sudden and
rapid panning of the camera from dark shadow to bright sunlight
frequently lead to this “charging up” or blocking effect. It is mini-
mized by operation of a special control that temporarily raises the value
of the scanning beam current to an abnormally high value in order to
dissipate the excessive charge on the mosaic.

The orthicon has a contrast characteristic (frequently referred to
loosely as ‘“‘gamma’ characteristic), which is linear over its entire
useful operating range. The iconoscope, on the other hand, possesses a
contrast characteristic which exhibits a substantial amount of satura-
tion in the higher light ranges and is, therefore, roughly equivalent
to a “gamma’” of less than unity. This contrast characteristic of the
iconoscope complements rather well the corresponding characteristic
of the kinescope tube used in most receivers so that the overall contrast
characteristic of the system is generally satisfactory. When using the
orthicon, however, it is necessary to provide in the video amplifier
chains associated with the camera a controllable amount of saturation
which will reduce the equivalent “gamma’” characteristic to a value
more suitable for the kinescope. Generally speaking, the combination
of orthicon and its “gamma” correction-circuit does not produce quite
as satisfactory an overall contrast characteristic as the iconoscope
possesses, but it is hoped that future work will improve the “gamma”
correction circuits. Despite the previously mentioned fact that the
orthicon requires smaller size lenses than the iconoscope for a given
angle of view, the sizes of lenses necessary to provide the desired range
of camera angles are still substantial. The Type 1850 iconoscope re-
quires a lens of 16” focal length, when the camera is located T0 feet
from a boxing ring, to create images of the contestants which will be
large enough when reproduced on the average receiver to provide
optimum coverage of a prizefight. A lens of longer focal length and
smaller viewing angle makes it difficult for the camera operator to
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follow the fast-moving contestants about the ring and often results in
one of the two fighters being out of the picture. The smaller mosaic
in the orthicon tube allows the use of lenses which are approximately
one-half the focal length of those used with the iconoscope camera for
the same viewing angle. With the orthicon camera, boxing at Madison
Square Garden is generally covered with a lens of 8” focal length, the
distance from the camera to the ring being approximately 70 feet.
Even with the reduction in lens size made possible by use of the orthi-
con pickup tube, it has not been considered feasible to attempt the use
of lens turrets on these cameras.

TRANSPORTABLE SUITCASE TYPE PICKUP EQUIPMENT

The wider field of television activity permitted by the orthicon
camera was still restricted by the limitation due to the location of
equipment permanently mounted in a vehicle. The camera cables con-
tained four flexible coaxial cables and thirty-two other electrical con-
ductors and were 1%” in diameter. Storage and transportation diffi-
culties, plus the need for compensating electrical networks to correct
for pulse delay in very long cables were the factors which restricted
the length of the camera cables to a practical value of approximately
250 feet. Shorter lengths of 50 feet each were carried for use where
the longer lengths were not necessary. The 250 foot radius of activity
of cameras was sufficient for most outside pickups when only two
cameras were employed. Additional cameras, which would be those
located at greater distances, could not readily be accommodated because
of lack of space for additional control equipment in the vehicle. Field
pickup service was restricted to coverage of events taking place below
the fourth floors of buildings. Banquets, important meetings, inter-
esting exhibits and panoramic scenes are among the potential programs
which were unreachable with this equipment. The need for portable
equipment which could be carried closer to the pickup scene became
apparent early in field operations.

The development of the small iconoscope (Type 1848) transportable
equipment! which was contained in eight boxes approximating the size
of suitcases again greatly expanded the scope of the field service. The
boxes, weighing approximately 65 lbs. each, were inter-connected on the
scene of action to form a complete operating chain of television pickup
equipment. This equipment could be used for television pickup either
in a vehicle in which it was transported or removed from the vehicle
and carried to the upper floors of a building or to other locations inac-
cessible to the vehicle. (See Fig. 4)

1 G. L. Beers, O. H. Schade and R. E. Shelby, “The RCA Portable Tele-
vision Pickup Equipment”, Proc. I.R.E., Vol. 28, pp. 4560-458, October, 1940.
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The availability of this transportable type of television pickup
equipment again opened up new sources of television programs pre-
viously unavailable, and also increased the ease of operation in some
cases where television pickups had previously been made with equip-
ment permanently mounted in a vehicle. This type of equipment was
used in the Rainbow Room atop the RCA Building in Radio City to
televise the New Year’s Eve festivities there in 1940. When the
Republican National Convention of 1940 at Philadelphia, Pennsylvania
was televised and the signals transmitted via coaxial cable to New York
for broadcasting, both the transportable type of pickup equipment and

Fig. 4—Complete Single Camera Iconoscope Type Transportable Pickup
Equipment.

the equipment permanently mounted in the mobile unit truck were
employed, thus providing a four-camera pickup. The four cameras
were used to pick up both wide angle and close-up scenes inside the
main Convention ITall, for studio type pickup in a small improvised
interview studio and for pickups on the sidewalk in front of the Con-
vention Hall. All sessions of the five-day convention were televised.?3

0. B. Hanson, “Televising a Political Convention”, RCA REVIEW,
Vol. V, No. 3, pp. 267-282, January, 1941.

$H. P. See, “Televising the National Political Conventions of 1940,
Jour. Soc. Mot. Pic. Eng., Vol. XXXVI, pp. 82-100, January-June, 1941,
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Fig. 5—Transportable Iconoscope Camera in Temporary Studio Set-up at
GOP Convention, Philadelphia, 1940.

Fig. 6—Televising the GOP Convention, Philadelphia, 1940. (Orthicen
Camera in Foreground, Iconoscope Camera on Right.)
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The photographs of Figures 5 and 6 show scenes at the Philadelphia
Convention pickup.

Transportable equipment employing orthicon cameras* ® became
available shortly before the war and a two-camera system of this type
has been used for the majority of all NBC field pickups since 1944.%7
Figure 7 shows the suitcase type equipment for the orthicon cameras
situated on a movable table in a small control room at Madison Square
Gard'n. This is the normal leceation for the control equipment during
the televising of cvents in Madison Square Garden and its use here

Fig. 7—Television Control Set-up at Madison Square Garden, 1944. (Audio
Amplifier on Left, Transportable Orthicon Control Units on Right.)

illustrates one of the advantages of the transportable type of equip-
ment. Prior to its availability, when televising events in Madison
Square Garden, the large mobile unit vehicle was parked at the curb
outside the Garden and camera cables and power and communication
cables had to be strung in place for each program.

Although the transportable tvpe of equipment has several distinct
advantages, as already indicated, there are some offsetting disadvan-

4 Albert Rose and Harley Iams, “The Orthicon, A Television Pickup
Tube”, RCA REVIEW, Vol. IV, No. 2, pp. 186-199, October, 1939.

5 M. A. Trainer, “Orthicon Portable Television Equipment”, Proc.
I.R. E., Vol. 30, pp. 15-19, January, 1942.

8 R. E. Shelby, H. P. See, “NBC’s Experience with Portable Television
Broadeast Equipment”, Broadeast News, No. 39, pp. 14-21, August, 1944.

"R. E. Shelby, H. P. See, “NBC and Madison Square Garden”, Tele-
viston, pp. 2-3, April, 1945,
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tages. In comparison with the older style of rack mounted equipment,
the suitcase type of equipment is highly condensed and the components
crowded rather closely together. This means that maintenance work
and trouble-shooting are sometimes more difficult than in the rack
mounted type of equipment. The large number of interconnecting
cables with their sockets and plugs increases the chance for contact
failure and delays occasioned by loss or damage. The smaller size of the
monitoring kinescopes and cathode-ray oscilloscopes is somewhat of a
handicap in operations compared to the larger size screens used in the
older equipment. Convenient accessibility of operating controls has had
to be sacrified somewhat in the interest of portability. In spite of these
disadvantages, however, there can be no doubt that this type of equip-
ment provides a substantial net gain in television field operation. It is
interesting to note in passing that the extensive amount of work done
during the war on highly compact military type of television pickup
equipment which had to operate under very rigorous conditions will
undoubtedly lead to significant improvements in future designs of
transportable pickup equipment for the television broadcasting service.

IMAGE ORTHICON EQUIPMENT

There has recently been announced a new type of television pickup
tube known as the Image Orthicon which in comparison with any
previously available pickup tube possesses rather startling character-
istics, particularly as regards operation at extremely low levels of
illumination. Development work on this tube had been started prior
to the war but it received its greatest impetus as a part of the war-time
research on military television. Technical design details and charac-
teristics of the device have been given in a recent paper? by Dr. Albert
Rose and these will not be repeated here. Very briefly, however, it
consists essentially of an orthicon scanning tube with an image electron
amplifier section in front of the mosaic and a multiple stage electron
multiplier at the output. It is still smaller in size than the Type 1840
orthicon tube, having a photo-cathode area approximately one-quarter
that of the Type 1840 orthicon and one-sixteenth that of the larger
iconoscopes. The sensitivity of the tube is such that it will produce
satisfactory pictures at illumination levels lower by a factor of about
100 £han those required for the iconoscope. In addition, it is much
less subject to the “charging up’ effect which is so troublesome in the
case of the Type 1840 orthicon.

The importance of this new tube in television field pickups is self-

8 Albert Rose, P. K. Weiner and H. B. Law, “The Image Orthicon, A
Sensitive Television Pickup Tube”, presented at the I.R.E. Winter Technical
meeting, on Jan. 24, 1946.
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evident. It removes all practical barriers with respect to operation at
low light levels. It seems safe to state that any event which has
illumination adequate for direct viewing by an audience can be tele-
vised satisfactorily with the Image Orthicon camera.

The smaller length and diameter of the new tube plus its increased
sensitivity and small photo-cathode area result in a ecamera substan-
tially smaller than the standard orthicon field camera. The standard
iconoscope and orthicon cameras in use today are considered too large
and heavy for efficient handling in the field. The comparatively large
mosaic areas of the iconoscope and orthicon tubes require optical
systems of appreciable proportions. In contrast, the optical systems
used with the Image Orthicon are about the same as those used on
standard thirty-five millimeter motion picture cameras. Whether
future camera models incorporate the twin lens optical viewfinder, the
kinescope viewfinder or some other view-finding device, the reduction
in the size of lens with the introduction of this tube makes practical
the use of a lens turret. The sizes and weights of lenses included in
the complement for a Type 1840 tube are generally considered to be
approximately half those necessary for a Type 1850 iconoscope. The
Image Orthicon reduces this by approximately one-half again for the
same viewing angles. The lack of a lens turret in some cases in the
past has imposed a limitation upon the latitude of operations and
programming.

There are characteristics of the Image Orthicon which, at least for
the present, partially offset some of its advantages. Its signal-to-noise
ratio is not as good as that of the iconoscope under conditions of strong
illumination, although at low levels of illumination it continues to
produce satisfactory pictures far below the levels at which the signals
from the orthicon and iconoscope are completely submerged in noise.
The lower signal-to-noise ratio of the new tube is generally not notice-
able except on scenes which include relatively large dark areas. Test-
chart resolution in excess of 500 lines has been obtained with the Image
Orthicon, but it has not yet quite equalled the performance of the
better iconoscopes in this respect. Models of the tube produced for
military use and early samples available for tests in television broad-
casting possess rather high infra-red sensitivity. This necessitates
the use of optical filters to attenuate the infra-red light when televising
most outdoor scenes in daylight—particularly scenes which include
appreciable amounts of living green foliage.

The Image Orthicon is more sensitive to ambient temperature than
other types of pickup tubes. It does not give maximum performance
until it has warmed up to approximately 100° F., and when used out-

www.americanradiohistorv.com


www.americanradiohistory.com

66 TELEVISION, Volume IV

doors in cold weather auxiliary heating units are sometimes needed.
When the tube is too cold, its resolution may be impaired and reten-
tivity of the electrical “image” on the target will be abnormal, pro-
ducing excessive smearing in the reproduced picture whenever the
camera is panned or when rapid motion occurs in the scene.

One important advantage which the Image Orthicon has over the
Type 1840 orthicon is its ability to handle a very wide range of light
values. If the various eléctrode potentials are properly set, a change
in the scene from deep shadow to brilliant sunshine in outdoor pickups
is readily accommodated without serious degradation in the transmit-
ted picture and without the necessity for instantaneously coordinated
readjustment of controls, as in the case of the Type 1840 orthicon. In
one outdoor test, the Image Orthicon was adjusted for optimum per-
formance with the iris on the pickup lens set for an opening of
f 82. Without changing any other control, the iris setting was then
changed to f 8, thus increasing the amount of light on the photocathode
by a factor of 16. To the casual observer, at normal viewing distance,
there was no appreciable change in the transmitted picture. In an
indoor test at Madison Square Garden, it was found that a single suit-
ably chosen setting of all controls would give acceptable rcsults when
the Image Orthicon camera was panned from the dimly-lighted outer
fringes of the audience to the brilliantly-illuminated boxing ring at
the center of the arena.

While it is true, as indicated above, that the Image Orthicon pos-
sesses great practical flexibility under varying conditions of illumina-
tion, it is also true that peak performance will be obtained only when
the settings of the iris and other controls are proper for the brightness
of the scene being televised. Close inspection of the transmitted picture
shows appreciable loss of information in the highlights if the light
image on the photocathode is excessively bright, and signal-to-noise
ratio will be lowered by operating the beam current at a value greatly
above that required to discharge the target. In preparing for a televi-
sion pickup, after the Image Orthicon has warmed up to normal oper-
ating temperature, the entire scene to be televised should be explored
with the camera to determine, to the extent possible, the upper and
lower limits of reflected light to be expected from the scene during the
program. Settings of the iris, beam current, and other controls should
be made in the light of this test, and if wide fluctuations in brightness
are to be encountered, plans should be made for readjusting beam
current and iris opening at proper times during the program.

Television broadecasting experience with the Image Orthicon camera
has included the following pickups:


www.americanradiohistory.com

FIKLD TELEVISION 67

Herald-Tribune Forum, Grand Ballroom of Waldorf-Astoria
Hotel. Moderate illumination as normally used for audience.

Navy League Dinner, Grand Ballroom of Waldorf-Astoria Hotel.
Moderate illumination as normally used for audience.

Army-Nary Football Game. The day was an unusually bright
one for the season, and offered no test of sensitivity, but did
afford a good comparison with orthicon cameras under condi-
tions of high-level illumination. (See Fig. 8)

Fig. 8—Image Orthicon Camera Televising Army-Navy Football Game at
Philadelphia Municipal Stadium, December first, 1945.

4.

=z

Mayor-Elect O'Dwyer of New York City, from his campaign
headquarters in the Commodore Hotel on Election Day. Illumi-
nation provided by two 100 watt lamps in a frosted glass shade,
and a 40 watt lamp for relieving shadow areas on faces.

New Year's Eve Celebration in Times Square, New York City.
Illumination as normally present in Times Square at night—
from electric signs, street lamps, theatre marquees, show win-
dows, and automobile lights.

Memorial Service at Lincoln Monument, Washington, D. C. on
February 12, 1946. A program originated jointly by stations
WABD, WCBW and WNBT and transmitted to New York over
the coaxial cable of A. T. and T. to inaugurate television service
over this cable.
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In addition to the foregoing on-the-air programs originated with
the Image Orthicon camera, a number of successful test pickups have
been made. These include the following:

1. Baseball game at Polo Grounds, New York City. The day was
a bright one, and it was found that the minimum lens stop available—
f 32—gave more than the optimum amount of light. Depth of focus
was, naturally, no problem. A filter had to be used to reduce the infra-
red light reflected from the grass of the playing field. Most observers
felt that the Image Orthicon camera had a net advantage over the Type
1840 orthicon camera, which was set up for comparison.

"R e T

Fig. 9—1mage Orthicon Camera (Foreground), in Comparative Test with
Orthicon Camera, Televising Rodeo at Madison Square Garden.

2. Strollers on the Mall at night in Central Park, New York City.
The only illumination was that provided by the normal light fixtures
in the park.

3. Scenes from the Rodeo in Madison Square Garden, New York
City. The dark tan-bark on the floor, and the relatively low light level
employed for many events to avoid blinding the contestants, had made
this a relatively unsatisfactory program for orthicon cameras. The
Image Orthicon camera was able to do an excellent job on all events.
(See Fig. 9)

4. Television Pickup of Standard Sound Broadcast. No special
lighting of any kind was employed, and those in the studio did not
even know that the test was being made.
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5. “Stunt” Pickups in the Studio. Successful pickups were made
using only the light of a pocket flashlight, or a single candle, or one
match, and also in total darkness, using invisible infra-red illumination.

The importance of the Image Orthicon development to field televi-
sion broadcasting is emphasized by statistics of operation which show
that in the past more than one-half of the seven hundred odd field
programs have originated indoors under artificial illumination—despite
the fact that many potential indoor programs had to be passed up
because cameras were not sensitive enough to give acceptable results
with the illumination available. In the future, it is probable that the
percentage of indoor programs will go even higher, now that there
are virtually no technical limitations on the televising of such events.
The economic advantages of the new camera are by no means insig-
nificant, since the cost of providing special illumination for some events
televised in the past has been a major item of expense. On the basis
of experience to date, it seems safe to say that the Image Orthicon
represents the greatest single advancement so far made in field
television.
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THE IMAGE ORTHICON — A SENSITIVE
TELEVISION PICKUP TUBE*f

By

ALBERT ROSE, PAUL K. WEIMER AND HAROLD B. LAW

Research Department, RCA Laboratories Division,
Princeton, N. J

Summary—The image orthicon is a television pickup tube incorporating
the principles of low-velocity-electron-beam scanning, electron image multi-
plication, and signal multiplication. It closely approaches the theoretica’
limit of pickup tube sensitivity and is actually 100 to 1000 times as sensitive
as the iconoscope (1850) or orthicon (1840). It can transmit pictures with
a limiting resolution of over 500 lines and, if properly processed, is rela-
tively free from spurious signals. At low lights, the signal output increases
linearly with light input; at high lights, the signal output is substantially
independent of light input. The tube is completely stable at all light levels.
The signal output is sufficiently high to make the operation of the tube
insensitive to many of the preamplifier characteristics that are normally
considered significant. The comstruction, operation, electron optics, and
performance of the tube are discussed.

I. INTRODUCTION

HE importance of sensitive pickup tubes to the success of a
I well-rounded television service needs little emphasis. One has
only to be reminded that, insofar as the television pickup tube
is called upon to replace the human observer, the sensitivity of the
pickup tube should match that of the human eye. The demands on a
television service are often more stringent than on news photography,
for example. The latter can, within wider limits, select the times and
conditions under which it will record pictures. The pickup tube, once
committed to transmitting an event, such as a football game, must
steadily transmit pictures under the whole gamut of lighting condi-
tions. It is, accordingly, highly desirable to have a pickup tube which
can transmit pictures both at very low and at very high light levels.
The iconoscope! has transmitted excellent pictures at high light
levels; the orthicon? has operated best at medium light levels. The

* Decimal classification: R583.6.

t Presented at the 1946 Winter Technical Meeting of the I.LR.E. in New
York, N. Y., on January 24, 1946. Reprinted from Proc. I.R.E., July, 1946.

1'V. K. Zworykin, G. A. Morton, and L. E. Fiory, “Theory and Perform-
ance of the Iconoscope,” Proc. I.R.E., vol. 25, pp. 1071-1092; August, 1937.

2 A. Rose and H. A. Iams, “The Orthicon,” RCA REVIEW, vol. 4, pp.
186-199; October, 1939.
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image orthicon extends the range still further toward lower illumina-
tions by a factor of approximately 100. At the same time, the image
orthicon can operate stably at medium and high light levels. Unlike the
orthicon, it is not subject to transient loss of operation caused by sud-
den bursts of illumination. The use of the image orthicon in the higher
light ranges is not, however, emphasized relative to the iconoscope or
orthicon. The additional complexity of the tube needed to provide its
increased sensitivity has not yet permitted pictures whose quality
equals the best that the iconoscope or orthicon can transmit.

The present paper describes the construction, operation, and per-
formance of the image orthicon. It is hoped to treat some of the
electron-optical and constructional problems in more detail in separate
papers.

PHOTO  SENSITIVE
TARCET

:——/l
ELECTRON
CuN

OEFLECTION
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SICNAL PLATE

COLLECTOR
TO AMPLIFIER

Fig. 1—Typical parts of storage type of pickup tube.

1I. GENERAL DESCRIPTION OF THE IMAGE ORTHICON

The usual storage type of pickup tube (Figure 1) has an electron
gun, a photosensitive insulated surface, referred to as the target, and
a means for deflecting the electron-scanning beam. The scene to be
transmitted is focused on the target on which it builds up by photo-
emission a charge pattern corresponding to the light and shade in
the original scene. The beam of electrons, generated by the electron
gun, is made to scan the charge image in a series of parallel lines.
While a éonstant stream of electrons approaches the target, the stream
which leaves is modulated by the charge pattern. A signal plate located
close to the target surface picks up the modulation by capacitance and
feeds it into the grid of the first amplifier tube. The same video signal,
however, appears in the modulated stream of electrons leaving the
target, and if these electrons could be collected on a single electrode,
the signal could be fed through it into an amplifier.

The image orthicon (Figures 2 and 3) has, in addition to the usual
gun, deflection means, and target, three parts that contribute to its
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Fig. 2—Diagram of the image orthicon.

sensitivity and stability. An electron multiplier, built into the tube
near the gun, multiplies the modulated stream of electrons returning
from the target before it is fed into an amplifier. Sensitivity gains of
10 to 100 are thereby made possible. The charge pattern on the target,
instead of being generated by photoemission, is formed by secondary
emission from an electron image focused on the target. The electron
image is released by light from the scene to be transmitted falling on
a conducting semitransparent photocathode and is focused on the
target by a uniform magnetic field. The combination of the higher
photo-sensitivities that can be obtained for a conducting surface than
for an insulated surface, together with the secondary-emission gain
of the electron image at the target, provides another factor of about
fivefold increase in sensitivity. The use of a separate conducting
photo-cathode is made possible by a two-sided target in place of the
usual one-sided target. The two-sided target allows the charge pattern
to be formed on one side and the scanning to take place on the opposite
side. Further, it permits the tube to operate stably over a large range
of scene brightnesses.

Fig. 3—The image orthicon.
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The electron multiplier, two-sided target, and electron-image sec-
tion will be recognized as elements whose virtues and incorporation
into a pickup tube have been discussed frequently in the literature.2.3-6
The image orthicon represents one way of including all three elements
in a useful, sensitive, and stable pickup tube.

III. TypicaAL OPERATING CYCLE

The scene to be transmitted is focused on the semi-transparent
photocathode (Figure 2). Photoelectrons are released in direct pro-
portion to the brightnesses of the various parts of the scene. The photo-
electrons are accelerated from the photocathode toward the target by
a uniform electric field and are focused on the target by a uniform
magnetic field parallel to the axis of the tube. The paths of the elec-
trons from photocathode to target are, except for emission velocities,
substantially straight lines parallel to the axis. The electron image,
accordingly, has unity magnification.

The photoelectrons strike the target at about 300 volts, at which
potential the secondary-emission ratio is greater than unity. Because
more secondary electrons are emitted than there are incident photo-
electrons, a positive charge pattern is formed on the target, the high
lights corresponding to the more positive areas. The secondary elec-
trons are collected by the fine-mesh target screen.

At the same time that a charge pattern is being formed on one
side of the target, a beam of electrons scans the opposite side. The
scanning beam is of the low-velocity type already described for the
orthicon.? It starts at the thermionic cathode of the electron gun at
zero potential and is accelerated by the gun to about 100 volts. From
the gun to the target the beam is in an approximately uniform mag-
netic focusing field. As the beam electrons approach the target they
are decelerated again to zero volts. If there is no positive charge on
the target, all the electrons are reflected and start to return toward
the gun along their initial paths. If there is a positive charge pattern
on the target, the beam electrons are deposited in sufficient numbers
to neutralize the positive charges. The remaining electrons are re-

3H. A. Iams and A. Rose, “Television Pickup Tubes with Cathode-Ray
Beam Scanning,” Proc. I.R.E., vol. 25, pp. 1048-1070; August, 1937.

¢H. A. Iams, G. A. Morton, and V. K. Zworykin, “The Image Icono-
scope,” Proc. I.R.E., vol. 27, pp. 541-547; September, 1939.

5A. Rose, “The Relative Sensitivities of Television Pickup Tubes,
Photographic Film, and the Human Eye,” Proc. [.R.E., vol. 29, pp. 293-300;
June, 1942,

6 P. T. Farnsworth, “Television by Electron Image Scanning,” Jour.
Frank. Inst., vol. 218, pp. 411-444; October, 1934.
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flected. In this way a stream of electrons, amplitude-modulated by
the charge pattern, is started on its way toward the gun.

The return beam not only starts back toward the gun, but it actu-
ally arrives at the gun very near the defining aperture through which
it emerged. An electron beam will follow closely the lines of a mag-
netic field under the following conditions: (1) that the beam is initially
directed along the magnetic lines; (2) that the beam velocity in volts
does not greatly exceed the magnetic field strength in gausses; (3)
that electric fields transverse to the magnetic field are small or absent;
and (4) that the magnetic lines do not bend sharply. These conditions
are approximately fulfilled in the image orthicon. The beam is shot
into the magnetic field parallel to its lines. The beam velocity in volts
and magnetic field strength in gausses are each in the neighborhood of
100. The only prominent electric field is near the farget and parallel
to the magnetic field. The bends in the magnetic field caused by the
transverse fields of the deflecting coils are well tapered.

The return beam accordingly strikes the gun in an area around the
defining aperture which is small compared with the defining aperture
disk, but large compared with the defining aperture itself. Also, the
return beam strikes this surface at about 200 volts and generates a
larger number of secondary electrons than there were incident pri-
mary electrons. In short, the defining aperture disk is also the first
stage of an electron multiplier. Succeeding stages of the multiplier
are arranged symmetrically around and back of the first stage. More
will be said of the multiplier in a following section. Meantime, the
secondary electrons are drawn from the first stage by suitable electric
fields into the succeeding stages. The number of stages, as will be
explained, need not be large to exhaust the useful gain of the multi-
plier. In its present form, the image orthicon uses five stages of
electron multiplication.

The output current from the final stage of the multiplier is fed into
a wide-band television amplifier in the usual manner. Because this
output current is already at a high level, the required gain of the
amplifier is small compared with that for an iconoscope or orthicon.
The high-level output has other advantages. The performance of the
tube, for example, is not critically dependent upon the noise charac-
teristics and input-circuit parameters of the preamplifier, as is the
case for the iconoscope and orthicon.

The above operating cycle, while somewhat elaborate, is neverthe-
less easily traceable. On the other hand, the detailed operation of the
parts of the tube does include some interesting and less obvious prob-
lems. These will be discussed below.
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IV. ELECTRON-IMAGE SECTION

The semitransparent conducting photocathode is a well-known
structure for getting photoemission from the side opposite to that
from which the light enters. Photosensitivities several times higher
than those for insulating mosaic surfaces can be obtained.

The use of a uniform magnetic field to focus the electron image is
not only well known but is also one of the simplest methods of electron-
image formation. Unity magnification, erect image, and good defini-
tion at low anode voltage are its characteristics.

V. CONSTRUCTION OF THE TwWO-SIDED TARGET

- The two-sided target is perhaps one of the oldest and most fre-
quently proposed structures for improving the sensitivity of a tele-
vision pickup tube. It makes possible the separation of charging and
discharging processes so that the sensitizing procedures and electric
fields appropriate to each may be incorporated in the tube without
mutual interference. The two-sided target must conduct charges
hetween its two surfaces but not along either surface. It should have a
conducting element nearby to act as the common capacitor plate for the
separate picture elements.

Most of the attempts to fabricate two-sided targets have centered
on a structure which had discrete conducting elements or ‘“plugs”
embedded in an insulating medium. These have been satisfactory for
testing the properties of a two-sided target but have failed thus far
to provide the uniformity necessary for a commercial tube.

The two-sided target used in the image orthicon is exceedingly
simple and capable of a high degree of uniformity. It is a thin sheet
of low-resistivity glass. The resistivity is chosen low enough so that
charges deposited on opposite sides of the glass are neutralized by
conduction in a frame time (1/30 second). It is chosen thin enough
so that these same charges do not spread laterally in a frame time
sufficiently to impair the resolution of the charge pattern. Thick-
nesses of five to ten wavelengths of light have been found to be satis-
factory. ]

The thin sheet of glass, about 1% inches in diameter, is mounted
flat to within a few thousandths of an inch and spaced about two
thousandths of an inch from a similarly flat fine-mesh screen. The
mounting techniques to achieve these tolerances have been the sub-
ject of a considerable amount of work. The problem is especially accent-
uated when it is realized that the assembled structure must go through
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a standard bake-out schedule at about 400 degrees centigrade. Satis-
factory assemblies were obtained only after the glass and screen were
each mounted under tension on flat metal rings. The metal ring for
the glass had to be carefully chosen so that the 400-degree-centigrade
bake-out did not cause the glass either to break or to wriiikle on
cooling.

The fine-mesh screen mounted near the glass target to collect sec-
ondary electrons and to act as the common capacitive member for all
of the picture elements has been, itself, a problem of appreciable mag-
nitude. Because the electron image passes through the screen and
impresses the shadow of its wires on the picture, the screen had to be
of extremely fine mesh and highly uniform. In addition, for efficient
operation, it was desirable to have the percentage open area of the
screen 50 per cent or greater. The finest commercial screen available
during the early development of this tube which had even reasonable
uniformity was a 230-mesh per linear inch, woven-wire, stainless-steel
screen. It had 47 per cent open area and could be etched to about 60
per cent open area. The 230-mesh screen was, however, readily resolved
in the transmitted picture and limited the resolution objectionably.

In contrast to this screen, a technique was developed for making
fine-mesh screens with 500 to 1000 meshes per linear inch, an open
area of 50 to 75 per cent, and an accuracy of spacing comparable with
that 6f a ruled optical grating. These screens have made possible the
transmission of pictures with high definition and substantial freedom
from spurious signals.

VI. OPERATION OF THE TWO-SIDED TARGET

Figure 4 shows the potentials? of the two sides of the glass target
during a typical charge-discharge cycle. In Figure 4(a) the tube has
been in the dark. The scanned side of the target has been brought to
zero volts by the scanning beam. The picture side also is at zero volts
as a result of leakage to the scanned side. The fine-mesh screen for
collecting secondary electrons is held at + 1 volt. Figure 4(b) shows
the target potentials after exposure to light for a frame time. The
picture side of the glass has been charged to + 1 volt by the electron
image. The scanned side of the target also has been brought up to
+ 1 volt by capacitive coupling to the picture side. In Figure 4(c),

7 For simplicity, the emission velocities of the thermionic and secondary
electrons are taken to be zero and the contact potentials of all surfaces are
taken to be the same. Including finite emission velocities and contact poten-
tial differences would merely shift the values of the potentials shown in
Figure 4 without affecting the argument.
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the beam has just scanned the target, bringing the scanned side down
to zero volts and the picture side down almost to zero volts by its
capacitive coupling to the scanned side. The “almost” results from the
fact that there is a positive charge on one side of the glass and a
negative charge on the other, constituting a charged capacitor. If,
therefore, the scanned side is brought to zero volts, the picture side
must be positive by an amount equal to the picture charge divided by
the capacitance between the two sides of the glass. This turns out to
be small compared with the -+ 1 volt to which the target as a whole
has been charged. In particular, it is shown to be 0.01 volts in the
illustration chosen. During the next frame time the charges on the
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Fig. 4—Target potentials during a typical scanning cycle.

two sides of the glass unite by conduction to wipe out the potential
difference between the two sides. Figure 4(d) shows the potentials at
this time, and by comparison with Figure 4(a) the target has returned
to its initial state ready for another cycle.

In the above cycle, the charging by the picture, discharging by the )
beam, and leakage between the two sides of the glass were described
as events in series. Actually, of course, all three events occur simul-
taneously and steadily.

It may be remarked, in passing, that the choice of a glass with too
high a resistivity (that is, a leakage time constant greater than a
frame time) tends to allow charge to accumulate on the picture side.
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For sufficiently high resistivities, an objectionable loss of signal, as
well as spurious after-images, are encountered.

VII. AN ELECTRON-OPTICAL PROBLEM

It has been found that, for good operation over a large range of
scene brightnesses, the fine-mesh screen potential should be kept low,
about + 1 volt. This means that the glass target potential can swing
only between the narrow limits of zero volts, to which the scanning
beam charges it, and + 1 volt, to which the picture can charge it as
limited by the potential of the fine-mesh screen. The maximum signal
output is proportional to the maximum potential swing of the target
(e.g., + 1 volt as above). It is important, therefore, in order to insure
uniform signal output at all points on the target, to have the limits
constant over the target. The upper limit, 4 1 volt, as set by the fine-
mesh screen, is obviously the same at all points on the target. The
lower limit, however, is set by the lowest potential to which the beam
can charge the target. If the beam approached the target at all points
with normal incidence, the lower limit would be constant over the
target and equal to zero volts.® The attainment of this “if” is not,
in general, a simple task. The ease with which the beam can depart
from normal incidence is, perhaps, more suggestive. A few possibilities
will be mentioned. .

When the beam is shot into the magnetic field by the short electron
gun, it is usually not quite parallel with the magnetic lines. The com-
ponent of the beam’s velocity transverse to the magnetic field lines goes
into helical motion of the beam. The energy of this helical motion is
subtracted from the energy of the beam directed along the magnetic
lines. The latter energy, however, determines the potential to which
the beam can charge the target. Thus if % volt of energy is absorbed
in helical motion, the beam can charge the target to only + % volt
instead of to zero volts. This permits the target to swing only between
the limits of + % volt and + 1 volt. In other words, the maximum
signal output is reduced by half.

Another contribution to the helical motion of the beam may come
from the deflection fields. The electron beam, in the process of nego-
tiating a bend in the magnetic field lines, redistributes some of its
energy into helical motion.® The amount of this energy increases in
general for larger angles of deflection, weaker magnetic fields, and

8 Again for simplicity, the thermionic-emission energies of the beam
electrons are taken to be zero.

® A. Rose, “Electron Optics of Cylindrical Electric and Magnetic Fields,”
Proc. I.LR.E., vol. 28, pp. 30-39; January, 1940.
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higher beam voltages. Here one expects, and finds, the helical energy,
and correspondingly the loss of signal, increasing from the center of
the picture out to the edges.

Helical motion introduced into the beam is fortunately a removable
defect. One has only to introduce a second source of helical motion of
equal amplitude and opposite phase. To correct for helical motion
resulting from misalignment of gun and magnetic field, an adjustable,
small (in magnitude and physical extent) transverse magnetic field is
introduced at the exit end of the gun. To correct for helical motion
resulting from the deflection fields, a second source, whose contribu-
tion also increases from the center of the picture to the edges, is intro-
duced near the target. This source is the component of the electric
field of the decelerating ring transverse to the axis of the tube. The
relative phases of the helical motions resulting from the deflection coil
and decelerating ring can be adjusted for cancellation by sliding the
coil along the axis of the tube. In practice, once a design of the tube
and coil has been decided upon, this can be fixed.

What is of particular interest in this problem is the delicacy of
adjustment necessary for good performance. A 100-volt beam must be
generated, deflected, and corrected in such manner that it approaches
all points on the target with not more than a tenth of a volt energy
“squandered” in helical motion.

VIII. ELECTRON MULTIPLIER

In spite of the variety of electron multipliers offered by the liter-
ature, it was thought desirable to add still another to the list — one
which was more nearly suited to the requirements of the image orthi-
con. A brief consideration of the diffuse spray of secondary electrons
emerging from the first multiplier stage (defining-aperture disk) sug-
gests immediately the difficulties of getting all of them to enter the
relatively narrow mouth of the more conventional electron multipliers.
This is particularly true because it was desirable, for other reasons,
to retain the axial symmetry of the electric field in front of the first
stage. To focus the secondary electrons into a narrow-mouth multi-
plier might very well require ohjectionably strong assymetric electric
fields. Once committed to the symmetry of fields, one is also com-
mitted to a relatively large entrance opening for the second stage of
the multiplier hecause the secondary electrons spray out symmetrically
or “fountain-wise’” from the first stage.

Tt was found to be relatively easy to arrange for substantially all
of the secondary electrons from the first stage to strike the large
annular-disk second stage shown in Figure 2. The arrangement con-
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sisted of surrounding the first stage with electrodes all at lower poten-
tial than the first stage, with the one exception of the second stage.
In this way the electrons were offered two alternatives: to return to
their place of origin, the first stage, or to land on the second stage.10
Energetically the electrons could return to the first stage, since they
were emitted from it with a few volts of spare energy. But to return
to the first stage, the electrons must approach it at nearly normal
incidence or, more accurately, with all but their emission energy
directed normal to the surface. The brief excursion of the electrons
into the strong dispersing field provided by the more positive second
stage makes the probability of such return small. The secondary elec-
trons from the first stage accordingly quickly find their way to the
second stage.

Here the problem is to multiply the electrons again and send them
on to a third stage, and so on through a number of stages to the final
collector. The use of a series of parallel-screen multipliers is well
suited geometrically to the problem, but the efficiency of the screen-
type multiplier is low. That is, for a secondary-emission ratio of four,
the gain per stage is only about two. The “pinwheel” type of multiplier
shown schematically in Figure 2, on the other hand, has an efficiency
of 80 to 90 per cent. By inspection it is evident that the electrons
incident on a “pinwheel” see an almost opaque surface. There are no,
holes, as there are in the screen-type multiplier, through which elec-
trons are lost. The secondary electrons, however, readily pass through
the blades toward the succeeding stage. They are helped in their path
by the coarse-mesh guard secreen which shields them from the sup-
pressing action of the negative potential of the preceding stage. Suc-
ceeding stages have their blades opposed to accentuate their opacity.
The operation of the multiplier was found to be uneritical to electrical
adjustment and mechanical alignment. Both these features are highly
desirable to simplify the construction and operation of an otherwise
complex tube.

Total gains of 200 to 500 are readily obtained for the five-stage
multiplier. These gains are usually more than sufficient to exhaust the
sensitivity possibilities of electron multiplication. The “useful” gain
obtainable with electron multiplication is discussed in the following
section.

IX. SENSITIVITY AND SIGNAL-TO-NOISE RATIO

It was pointed out in the introduction that the image orthicon

1 The third possibility, that of retaining their freedom in space, is
usually of negligibly short duration.
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derives its increased sensitivity over the iconoscope and orthicon from
(1) the higher photosensitivity of a conducting photocathode relative
to that of an insulating mosaic; (2) the multiplication by secondary
emission of the electron image at the target; and (3) the use of an
electron multiplier for the signal current. The gain from (1) and
(2) is about a factor of five. It must be remembered that this factor
reflects more the state of the art of making photosensitive surfaces
than any intrinsic limitations. The gain from (3) is a function of
the signal-to-noise ratio in the transmitted picture. The term “noise”
as used here refers to the more or less fundamental current fluctua-
tions associated with amplifiers or generated in the pickup tube.
These fluctuations give rise to a masking effect, often referred to as
“snow”, in the transmitted picture. The video signal current must
exceed the noise current before a picture can be seen. The noise cur-
rents, therefore, set the threshold scene brightness that a pickup tube
can transmit; they also define the scene brightness required for the
transmission of good pictures, that is, pictures with high signal-to-
noise ratios.

The performance of the iconoscope and orthicon is limited by the
noise currents in the first tube of the television preamplifier. The
performance of the image orthicon is limited by the much smaller
noise in the scanning beam. The multiplier, accordingly, provides a
useful gain in sensitivity up to the point at which the shot noise in
the scanning beam is made equal to, or slightly greater than, the
noise current in the preamplifier. The usual preamplifier noise cur-
rent' is 2 X 10—° ampere for a 5-megacycle bandwidth. The shot
noise in the scanning beam is (2eIAf)1/2= I/ X 10—% ampere for the
same bandwidth, where I is the scanning-beam current in amperes.
The “useful” multiplier gain is, therefore,

2X10-° 2X 103

12 % 106 N /2

A more convenient way of expressing this gain is to make use of the
relation between the scanning-beam current and the maximum signal-
to-noise ratio that can be obtained when the beam is fully modulated.
Under these conditions, the maximum signal is the beam current itself;
the noise associated with this signal is the shot noise in the beam:
and the signal-to-noise r’atio R is given by

1 H. B. DeVore and H. A. Iams, “Some Factors Affecting the Choice
of Lenses for Television Cameras,” Proc. I.R.E., vol. 28, pp. 369-374;
August, 1940.
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1

R =12 X 108

IVEx 108

With this relation, the useful gain of the multiplier may be written as
2000/RE. Some comments and caution are needed in the application of
this gain expression.

The useful gain was computed for 100 per cent modulation of the
scanning beam. In practice, for medium- and high-light pictures,
modulations in the neighborhood of 50 per cent are realized. The
lowered modulation results, for the most part, from the fact that all of
the electrons that strike the target do not stick — some are reflected
or scattered back. Further, for low-light pictures, near threshold, the
modulation is still lower because the potential swing of the target is
smaller than the emission velocities of the electrons in the scanning
beam — only the higher-velocity electrons can land. Whatever the
source of lower modulation, the useful gain is reduced in proportion
to the modulation.

With the above limitations, the useful gain of the multiplier is of
the order of 20 for a high-light picture and of the order of 200 for
a low-light picture. The combined gain of the electron-image section
and the multiplier make the image orthicon from 100 to 1000 times as
sensitive as the iconoscope or orthicon.

The sensitivity of the image orthicon is high enough to make
comparisons with the performance of the eye both significant and
.interesting. The image orthicon has approximately the same intrinsic
sensitivity® as the eye. This means that, for scene brightnesses near the
threshold for the tube, both tube and eye can transmit the same pic-
tures. On the other hand, the greater flexibility of the eye relative
to a television system enables it still to “see” scenes whose brightness
is as little as one thousandth of the threshold scene brightness for
the pickup tube. The eye attains this low threshold by sacrificing
resolution for operating sensitivity.

¢« X. SIGNAL VERSUS LIGHT CHARACTERISTICS

A representative curve for the video signal as a function of light
is shown in Figure 5. Three equivalent abscissa scales are shown for
convenience in referring to scene brightness, image brightness, or
photocathode current. Also, the video signal is given in microamperes
of modulated signal at the target. It is this current which determines
the signal-to-noise ratio. The final output signal is the product of the
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video signal at the target and the gain of the electron multiplier,
usually several hundred. The multiplier is an almost noiseless device.

The curve is divided, for purposes of discussion, into four parts by
the letters 4, B, C, D, and E. These will be considered in order, start-
ing from the left. -

The low-light range A-B is particularly simple. Here the signal
out is proportional to the light in, just as it is for the orthicon. At
the lowest point on the curve, the video signal is equal to the shot noise
in the scanning beam. The beam current is adjusted in this range just
to discharge the picture. As point B is approached, higher signals
and signal-to-noise ratios are obtained. At B, the light is just suffi-
cient to cause the target to be fully charged (i.e., to the potential of
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Fig. 5—Signal versus light characteristic.

the fine-mesh screen) in a frame time of 1/30 of a second. One would
ordinarily expect that increasing the light level beyond B would tend
. to saturate the transmitted picture. The high lights would remain
constant in amplitude in this range; the low lights would continue to
increase and tend to make the entire picture white. This is what one
ordinarily would interpret from Figure 3. Actually, pictures trans-
mitted by the image orthicon in the range B-C have, except for large
black areas, the same or improved contrast. The explanation follows.
Figure 6 (a) shows the transmitted picture of a single spot of light
whose brightness is located at B. The picture is normal. Figure 6(b)
shows the transmitted picture of the same spot illuminated to ten
times the previous brightness. One sees in this figure that the signal
output did not change for a tenfold increase in original picture
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(b)
Fig. 6—Transmitter picture of light spot at low and at high spot brightness.

brightness, that the contrast of the spot is maintained in the imme-
diate neighborhood of its boundaries, and that the rest of the back-
ground, supposedly black in the original, has begun to lighten up. The
black halo surrounding the light spot in Figure 6(b) is the key to the
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preservation of good picture contrast in the B-C range. This halo is
formed by low-velocity secondary electrons originating in the light
spot and scattered into the immediate neighborhood of the light spot.
Where they land, they tend to keep the target charged negatively and
to counteract the effect of stray light, tending to wash out the picture.
In brief, the brighter areas in the B-C range tend to maintain their
potential higher than neighboring less-bright areas by spraying the
less-bright areas with more low-velocity secondary electrons than they
get in return. While the “halo” effect is unnatural in Figure 6(b),
it is not visible, as such, in the usual fine-detail half-tone picture (see
Figure 8), and serves only to maintain picture contrast.

The “halo” has another useful function. If the spot of light in
Figure 6 (b) is moved rapidly across the field of view, the transmitted
picture is not a continuous white streak as one would expect from an
orthicon or from an image orthicon in the low-light range A-B. The
transmitted picture is a series of relatively sharp tilted images of the
spot separated by 1/30-second intervals. In effect, the sharp tilted
image is not unlike what one obtains from a focal-plane shutter in a
photographic camera. The mechanism for generating the effect is the
discharging action of the halo electrons. When the spot of light is
displaced from an initial position, the halo electrons erase, by dis-
charging, the initial charge pattern. The brighter the light, the more
rapid the erasing action and the more sharply resolved are pictures in
motion.

The second rise in video signal, namely, the range C-D, has an
interesting origin. An outline of the argument for its existence will
be given here. The signals in both the ranges B-C and C-D are deter-
mined by the charge accumulated on a picture element just prior to
being scanned by the electron beam. In the range B-C, this charge is
equal to the total charge that the entire target, considered as a parallel-
plate capacitor, can accumulate divided by the number of picture
elements. In the range C-D, the picture-element charge is the total
charge that an element can accumulate as determined by the capaci-
tance of that element, alone, to the signal plate. If the spacing between
target glass and fine-mesh screen is small compared with the diameter
of a picture element, these two charges are equal and there is no
“second rise’” in the C-D range. As the spacing between glass and
screen is increased, the capacitance of the target as a whole decreases
linearly with the reciprocal spacing, while the capacitance of a picture
element alone levels off to a constant value, independent of spacing
and equal to the capacitance of a disk, the size of a picture element,

WWW americanradiohistorv com


www.americanradiohistory.com

R6 TELEVISION, Volume 1V

in free space. The usual spacing is such that the capacitance of a
picture element alone is two or three times the capacitance that would
be computed for the picture element by dividing the number of picture
elements into the total target capacitance.

Thus far, a basis has been established for the separate picture
elements having more capacitance and being able to store more charge
than is possible when these picture elements act together as a complete
target. It turns out, however, that the additional storage capacity
does not become effective until the light is sufficiently intense to charge
the target as a whole in a small fraction of a frame time. Hence, the
flat plateau B-C before the “second rise” C-D sets in. The end of the
second rise, point D, should and does occur when the light is sufficiently
intense to charge the target as a whole in a line time.

Beyond D the signal output curve again levels off and the trans-
mitted picture does not change with changes in scene brightness.

To summarize: in the low light range, the image orthicon acts like
an orthicon; in the high light range, the transmitted picture is sub-
stantially independent of scene brightness, the contrast and half-tone
scale being maintained by redistributed secondary electrons on the
picture side of the target. These redistributed electrons have also the
property of tending to keep moving images in sharp focus.

XI. RESOLUTION

Starting at one end of the tube with a well-focused image on the
photocathode, the picture undergoes three transformations before
emerging from the multiplier at the other end in the form of a modu-
lated signal current. The transformations are, in order: optical image
to electron image, electron image to charge pattern on the target,
charge pattern to modulated stream of electrons in the scanning beam.
Each transformation has been capable deparately of resolving over
1000 lines per inch; the combination has resolved well over 500 lines
per inch. .

The resolution of the electron image is limited by the emission
velocities of the photoelectrons. The resolution of the charge pattern
on the target is limited, at high lights, in part by the fine-mesh screen,
and af low lights, in part by the leakage along the glass target. The
ability of the scanning beam to resolve the charge pattern is controlled
by a number of factors, among which are defining aperture diameter,
thermionic-emission velocities, angle of approach to the target, and
magnitude of the potential differences in the charge pattern. The mag-
netic field strength, once adjusted for focus, has no first-order effect
on the resolution of either the scanning beam or the electron image.
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On the other hand, the resolution of both the scanning beam and the
electron image improves with increasing electric field strength on the
scanned side of the target and in front of the photocathode, respec-
tively.

An expression has been derived!? for the limiting current density
that may be focused by an electron gun into a spot on a target. This
current density is proportional to the target potential and to the sin?
of the angle of convergence of the electrons approaching the target.
Experience with oscilloscopes and kinescopes has led to high anode
potentials, kilovolts and tens of kilovolts, for the purpose of getting
small spots. It may, accordingly, appear surprising to find even smaller
spot sizes attained in the image orthicon at a target potential of
approximately zero volts. The smaller beam-current densities used in
the pickup tube are only part of the explanation. The larger part is
the difference in the convergence angles of the electrons approaching
the pickup tube target and kinescope screen. For the orthicon type
of pickup tube the sin? of this angle is near unity, while for the kine-
scope it is usually 10—* to 10— Thus the low-velocity scanning beam
makes up for its low velocity by its large convergence angle.

XII. PERFORMANCE

Representative pictures transmitted by the image orthicon are
shown in Figures 7, 8, and 10. Figures 7 and 8 are the transmitted
pictures of slides projected on the photo cathode. Figure 10 shows
the results of a test in which a direct comparison was made between
the operating sensitivity of an image orthicon and of a 85-millimeter
camera using Super-XX film. The experimental setup for the compari-
son is shown in Figure 9. The original subject was illuminated with an
ordinary 40-watt bulb attenuated with neutral filters. The television
camera was focused on the subject alone and its picture was repro-
duced on a receiver located alongside the subject. The 35-millimeter
camera photographed simultaneously the original and reproduced pic-
tures. Both cameras used f/2 lenses and an exposure time of 1/30
second. It will be seen from Figure 10 that only in the first exposure,
at 2-foot-lamberts brightness of the subject, do both original and
reproduced pictures appear. At 0.2 foot-lambert only the picture
reproduced by the television camera is present. And, in fact, the
television camera continues to transmit a picture even at 0.02 foot-
lambert, which is the brightness of a white surface in full moonlight.

2D. B. Langmuir, “Theoretical Limitations of Cathode-Ray Tubes,”
Proc. I.R.E., vol. 25, pp. 977-991; August, 1937.
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Fig. 7—Test pattern transmitted by image orthicon.
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A UNIFIED APPROACH TO THE PERFORMANCE OF
PHOTOGRAPHIC FILM, TELEVISION PICKUP
TUBES, AND THE HUMAN EYE*f

By

- ALBERT ROSE

Research Department, RCA Laboratories Division,
Princeton, N. J.

Summary—The picture pickup devices—film, television pickup tube,
and eye—are subject ultimately to the same limitations in performance
imposed by the discrete nature of light flux. The literature built up around
each of these devices does not reflect a similar unity of terminology. The
present paper is exploratory and attempts a unified treatment of the three
devices in terms of an ideal device. The performance of the ideal device is
governed by the relation

(signal-to-noise ratio)?

scene brightness = constant
picture element area X quantum efficiency

The three devices are shown to approximate this type of performance
sufficiently well to use it as a guide in treating their common problems.
Simple criteria are derived for, characterizing the performance of any one
device as well as for comparing the performance of different devices. For
evample, quantum efficiency is used to measure sensitivity; the signal-to-
noise ratio, associated with a standard element area, is used to measure both
resolution and half-tone discrimination. The half-tone discrimination of
the eye governs the visibility of “noise” in the reproduced picture and, in
particular, requires that pictures be photographed or picked up at increased
scene brightness when the brightness of the reproduction is increased. The
observation and interpretation of visual “noise” are discussed.

INTRODUCTION

HERE are three picture pickup devices that have separately

l been the subject of considerable investigation. These are the
human eye, motion picture film, and television pickup tubes. For

each of these, a large technical literature has been built up relatively
independently of the others. The language, the units, the concepts, and
the conclusions of the separate arts are not in a form that allows them
to be readily compared. This situation is understandable in the early
stages of the arts because the primary emphasis is then to get some-
thing—anything—that will transmit a usable picture. As the art pro-
gresses, however, interest shifts naturally to an examination of the

* Decimal Classification: R583.11
1 Presented May 10, 1946, at the SMPE Technical Conference in New
York, N. Y. Reprinted from Jour. Soc. Mot. Pic. Eng., October, 1946.
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theoretical limits of expected improvements. Such an examination is
especially significant because all three devices are subject ultimately
to the same simple statistical limitations arising from the discrete
nature of light flux. The time is opportune for the three devices to
profit from a consideration of their problems in common terms.

Some illustrations will make the present situation clear. In films,
graininess is a familiar concept. Its origin, control, and visual effects
have been treated extensively and for a long time. In pickup tubes,
signal-to-noise ratio is an ever-present consideration for getting pic-
tures of good quality. For human vision, interest has frequently been
centered on the minimum discernible contrast. There is good reason
now to say that graininess, signal-to-noise ratio, and minimum dis-
cernible contrast are only three different names for the same property
of a picture pickup device. Again: the limiting resolution of film is a
standard and advertised characteristic; the frequency response curve
of a television pickup tube is an important specification of the tube’s
performance; the minimum resolvable angle of the eye is a well-known
figure and one which, perhaps, has received more than its just share of
attention. It is obvious that in all three instances, an attempt has heen
made to count the number of separate picture elements.

A third illustration concerns sensitivity. There is little need to
remind one of the variety and confusion of sensitivity scales that have
been proposed for film. On the other hand, the sensitivity of a televi-
sion pickup tube can, with reasonable adequacy, be defined by its
microampere signal output per lumen input. The sensitivity of the
eye has variously, and often with deliberate dramatic emphasis, been
described in terms of the farthest distance at which one can still see a
lighted candle; the order of magnitude of the faintest visible star; the
number of lumens falling on the retina necessary for a visual sensa-
tion; and so on. Only recently have there been more fundamental
attempts to measure the sensitivity of the eye in terms of its quantum
efficiency.

These illustrations serve to show, first, that the basic properties of
a picture pickup device—resolution, sensitivity, and contrast discrimi-
nation—are indeed of common concern to the eye, film, and pickup
tube; and, second, that the specification of these properties has not
enjoyed an appropriately common treatment.

The purpose of tite present discussion is to explore the extent to
which such a common or unified treatment is both possible and profit-
able.
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The order of the discussion will be:

(1) The development of the properties of an ideal picture pickup
device;

(2) The examination of eye, film, and pickup tube for the purpose
of finding out how well they approximate ideal performance;

(3) A re-examination of a number of current problems in the light
of (1) and (2).

It will become clear that the performance of an ideal device is com-
pletely specified by a single number, the quantum efficiency of its photo
process, taken together with some simple optical relations; that the
performance of eye, film, and some pickup tubes approach sufficiently
close to ideal performance to suggest a unified approach to many of
their current problems and that such an approach leads to simplifying
concepts.

Y
|
| NOISELESS
: AMPLIFIER
PHOTOSENSITIVE REPRODUCED
SCENE LENS TARGET PICTURE

Fig. 1—Essential parts‘of a picture pickup system.

IpEAL PICTURE PICK-Up DEVICE

Figure 1 shows the essential parts of a system for picking up and
reproducing a picture. Attention will be centered on the target of the
pickup device, and, in particular, on one picture element of that target.
A picture element is here taken to be an element of area of arbitrary
size, not necessarily the smallest resolvable area. Let that element have
a length of side k, and absorb an average number N, of quanta in the
exposure time allowed. The absorption of each quantum will give rise
to a separate event such as the release of an external photoelectron, or
an internal photoelectron or the dissociation of a molecule. These are
uncorrelated chance events. For this reason, the average number N
has associated with it fluctuations whose root mean square magnitude
is the square root of the average number. Thus, if N is taken to be
the measure of the signal, N/2 is a measure of the smallest discernible
difference in signal. In particular, the ratio
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N
N1/2

Nl/‘.’. B
is the signal-to-noise ratio. We may write, therefore,
Signal-to-noise ratio = R = N1/2 (1)

and the geometric relation:

N
Scene brightness = B — constant — . (2)
hZ
Combination of Equations (1) and (2) yields:
R2
B = Constant —. (3)
hZ

Equation (3) is the characteristic equation for the performance of
the ideal picture pickup device. It must be emphasized that Equation
(3) is not concerned with the particular mechanism used to generate
a picture so long as full use is made of all the absorbed quanta. For this
reason, it is meaningful to inquire whether the performance of such
diverse mechanisms as the eye, film, and pickup tubes can all be de-
scribed by the same characteristic equation.

Equation (3) defines the scene brightness B required to transmit
a picture having a signal-to-noise ratio R associated with picture
elements of linear size h. It says that the scene brightness must be
increased as the square of the signal-to-noise ratio demanded, and as
the square of the number of lines in the picture, the number of lines
being proportional to 1/A.

The constant term on the right-hand side of Equation (3) contains,
among other parameters, the quantum efficiency of the photo process.
1t is this quantum efficiency® alone which sets the performance range
of the ideal pickup device. The complete constant term will be given
later. For the moment, it will be useful to examine a plot of Equation
(3).

Figure 2 is a plot of Equation (3) for several values of scene
brightness. Figure 2 shows that the signal-to-noise ratio increases
linearly with the size of picture element considered. In particular, there

* If the term “ideal pickup device” were to receive its full emphasis,
the quantum efficiency of the photo process should, of course, be taken to

be 100 per cent. The emphasis here, however, is on the complete utilization
of all absorbed quanta rather than on the absorption of all incident quanta.
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is a smallest element which is determined by the smallest signal-to-
noise ratio that can be observed. The smallest element would be called
the limiting resolution. The smallest observable signal-to-noise ratio
. has often been taken to be unity. Actually, by virtue of its statistical
origin, the smallest observable R is a function of how often one prefers
to have his observations correct. This much is verifiable both from
analysis and from the use of physical instruments as observers. For
a human observer, tests! have been made which suggest a threshold
value of R in the neighborhood of five. Whatever this threshold is, one
may draw on Figure 2 a horizontal line whose intersections with By,
B,, and B; mark the limiting resolutions for the several scene bright-

nesses.

2%

|

>

o

[

SIGNAL-TO-NOISE RATIO -R

4] ¥ 3 1) X10-5CwMs

|
2 4
LINEAR ELEMENT SIZE-

Fig. 2—Performance curves for an ideal picture pickup device.

The complete form of Equation (3) may be readily obtained? from
well-known optical relations and is

R2
B=28/? 10-18 ft-TL.. (4)
th
Here f = the f value (numerical aperture) of the lens

t = exposure time (seconds)

1 Romer, W., and Selwyn, E. N., “An Instrument for the Measurement
of Graininess”, Phot. Jour., 83, (1943), p. 17.

®Rose, A., “The Relative Sensitivities of Television Pickup Tubes,
Photographic Film and the Human Eye”, Proc. L.R.E., 30, 6 (June 1942),
v. 295.
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8 = quantum yield of the photo process (§ = 1 means 100 per
cent quantum efficiency)

h = length of side of element (centimeters)

1 lumen = 1.3 X 10! quanta per second (average for white light).

If one takes the hyperfocal distance as a measure of depth of field, the
performance of the pickup device is completely specified by Equation
(4) together with the relation?®

’ FD
hyperfocal distance = — 6
2h

where F = focal length of lens

D = diameter of lens.

Complete specification means that one selects the desired values for
the hyperfocal distance, exposure time, signal-to-noise ratio, angle of
view, and size and number of picture elements, and from them com-
putes the scene brightness required.

The scale factors for the curves of Figure 2 are based on Equation
(4) with the choice of f =2, t =1/30, § = 1. These curves show what
may be expected from an ideal device with 100 per cent quantum
efficiency.

TELEVISION PICKUP TUBES

No operable pickup tube has yet been reported which completely
fulfills the properties of the ideal pickup device. The effective exposure
time of the image dissector,* or other nonstorage devices, is limited
to a picture element time and such devices are correspondingly insensi-
tive. The performance of the iconoscope® and orthicon® is limited by
noise currents inherent in the primary photo process. The image
noise currents inherents in the primary photo process. The image
orthicon” (Figure 3) goes a long way toward removing this limitation

3 DeVore, H. B., and Iams, H. A., “Some Factors Affecting the Choice
of Lenses for Television Cameras”, Proc. I.R.E., 28, 8 (Aug. 1940), p. 369.

4+ Farnsworth, P. T., “Television by Electron Image Scanning”, Jour.
Frank. Inst., 218, 4 (Oct. 1934), p. 411.

iZworykin, V. K., Morton, G. A., and Flory, L. E., “Theory and Per-
formance of the Iconoscope”, Proc. I.LR.E., 25, 8 (Aug. 1937), p. 1071.

$ Rose, A., and Iams, H. A., “The Orthicon, a Television Pickup Tube”,
RCA REVIEW, 4, 2 (Oct. 1939), p. 186.

" Rose, A.,, Weimer, P. XK., and Law, H. B., “The Image Orthicon, A
Sensitive Television Pickup Tube”, Proc. I.R.E., 34, T (July 1946), p. 424.
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in so far as the high light signal-to-noise ratio of its output is, within
limits, determined by the signal-to-noise ratio in the primary photo
process. It is handicapped, as are the other storage-type tubes, mainly
by having as much noise in the low light portions of a picture as in
the high lights. Equation (4) may, however, be used to describe the
performance of the image orthicon if signal-to-noise ratio is inter-
preted to mean the signal-to-noise ratio in the high light portions of
the picture.* The quantum yield of the primary photo process is about
0.01 and the noiseless amplifier to e compared with Figure 1 is its
electron multiplier.

CaTHODE (2ERO) DECELERATING RING
{zERO)
SECONDARY
SECONDARY [_ FOCUSING COIL ~] ELECTRONS
ELECTRON
\S[:] [ DEFLECTION YOKE ] ][ / /- ELECTRON fMAGE
|, 547 RETURN BEAM
SCANNING BEAM '
) s ~WALL COATING (4180 v ) :, /
SIGNAL OUTPUTY _ N proTO-caTHODE
ELECTRODE (-600v )
(+1500v )
TARGET SCREEN
ALIGNMENT COIL (zero)

TWO-SIDED TARGET

Fig. 3—Image orthicon (schematic).

PHOTOGRAPHIC FILM

One does not readily think of film as having a signal-to-noise ratio.
Yet, the separate grains randomly situated in film are immediately
comparable with the separate and randomly spaced electrons in the
scanning beam of a television pickup tube. And, in fact, a number of
recent objective measurements as well as analyses of graininess hava
led to the expression$

AT
AD - ——=constant X a—/* (6)
T

* The beam current used to scan the target must be sufficient to dis-
charge the high light portions of the picture. Under these conditions, the
signal-to-noise ratio inherent in the beam is approximately that of the high
lights. The same beam current, however, scans the low lights and adds
appreciable noise over and above the noise inherent in the low lights.

8 For summary of literature, see: Jones, L. A., and Higgins, G. C., “The
Relationship Between the Granularity and Graininess of Developed Photo-
graphic Materials”, Jour. Opt. Soc. Amer., 35, T (July 1945), p. 435.
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where AD and AT are the r-m-s deviations in density and transmission,
respectively, of an area e of film.** With the notation of Equations

AT
(1) and (2), — =R-'anda—V?=h—! and one may write for film
T

R = constant X k. (7

The value of this constant is proportional to the reciprocal grain
diameter. There is good evidence that, for the same type of photo-
graphic grain, the film speed is proportional to the grain area. The
last two statements combined with Equation (7) give

R2
B = constant —
h?

just as for the ideal device [Equation (3)]. One can accordingly use
Equation (4) to describe the performance of film with the understand-
ing that the ratio R2/h? is characteristic of film with a given average
grain diameter and changes in R?/h? are obtained by use of other films
with different average grain diameters. The quantum yield is the
reciprocal of the number of incident quanta required to make a grain
developable* and from published statements!! is in the neighborhood

** Equation (6) obviously cannot hold for values of a in the neighbor-
hood of and less than the grain size. Krevald and Scheffer® and Rauden-
busch!® have observed such departures and more recently Jones and Hig-
gins!? have reported them. The problem is further involved by a range of
grain sizes in any one film. '

* Strictly, this use of the term “quantum yield” is in accord with its
normal definition only if a grain is made developable by the absorption of a
single quantum. If more than one quantum needs to be absorbed for this
purpose, the process still may be looked upon for noise computations as the
equivalent of the absorption of one quantum because the noise arises mostly
from the random distribution of grains rather than from the fluctuations
in rate of absorption of light quanta.

9 van Krevald, A., and Scheffer, J. C., “Graininess of Photographic
Material in Objective and Absolute Measure”, Jour. Opt. Soc. Amer., 27, 3
(Mar. 1937), p. 100.

10 Raudenbusch, H., “Measurements of Graininess and Resolution of
Photographic Film”, Phys. Zeits., 42 15/16 (Aug. 1941), p. 208.

11 Silberstein, L., and Trivelli, A., “Quantum Theory of Exposure Tested
Extensively on Photographic Emulsions”, Jour. Opt. Soc. Amer., 35 2 (Feb.
1945), p. 93. (The writers of this paper avoid emphasizing the physical
implications of their analysis. At the same time they do interpret their
results to show that the intrinsic sensitivity of film is increased by longer
development times. So far as other measurements have shown that the
increase in speed resulting from long development time is paralleled by an
increase in graininess, the present paper would argue that the intrinsic
sensitivity is unchanged but that the developed grains are made larger by
longer development time.)
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of 0.001. The noiseless amplifier to be compared with Figure 1 is the
complete development of a silver grain after only a few silver atoms
have been formed by the action of the light.

HuMmAN EYE

Equation (4) is not immediately applicable to the human eye
because there is no way of directly measuring the signal-to-noise ratio
that the brain perceives. It is necessary, therefore, to replace signal-
to-noise ratio by its equivalent in terms of minimum discernible con-
trast in the test object viewed.** The signal-to-noise ratio R has
already been referred to as a measure of the minimum discernible
difference in signal. This allows one to write with reasonable assurance

Const.

Minimum discernible contrast = C = X 100 per cent.  (8)

To get a value for the constant, let C take on its maximum value,
viz., 100 per cent. This defines the constant to be equal to the mini-
mum perceivable value of R. As mentioned earlier, the measure-
ments of Romer and Selwyn may be interpreted to give a value of
about five. Unpublished measurements by O. H. Schade on television
pictures yield a value of three. The determination of this constant is
of considerable importance in estimating the quantum efficiency of
the human eye and deserves more experimental work.t For the present
it will be included as an undetermined constant. Substitution of
Equation (8) in Equation (8) gives

1
C2h?

9

B = constant

for the characteristic equation which the eye would satisfy if its per-
formance were “ideal.” Equation (9) may be rewritten with the mini-
mum resolvable angle « in place of distance 2 to make it more readily
comparable with published data. Thus,

B.— B»
** Contrast is defined as ——— X 100 per cent, where By is the

By
brightness of a gray test object immersed in a white surrounding of bright-
ness Br.

+ An interpretation of the experimental results of Jones and Higgins!
in which the blending distances and signal-to-noise ratios were measured
for the same films also leads to a value of about five.
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1

B = constant (10)

C2a2

How well the performance of the eye matches Equation (10) may
be seen from Figures 4 and 5. Figure 4 shows a plot!? of C versus a—!
for a large range of scene brightnesses and, as expected from Equation
(10), the data fall closely on 45-degree lines. Data in the immediate
neighborhood of « =1 minute and C =2 per cent are omitted because
these represent limits to the performance of the eye set by other than

Scene 10°* 10 10?
rERFORMANCE DaTA LUMINANCE] FooT LAMBERTS

Y% CONTRAST 270 100
For EYE IN RANGES | Minmisum

RESoLvABLE} 2'To 40°
ANGLE

Scene Luminance-fooT LameerTs

ool 10°4¢ 1072 1072 10! L0 10 100
/////
b /// /
¥ a0l Tl
- 4 /
z // //
S /
°\° \O

Connor € Ganoune
Coem € Moss

\ L Il " L 1 s

001 0.03 o.. 0.3 Lo 3.0 purwTes)”

ReciProcaL ©OF MINIMUM RESOLVABLE ANGLE

Fig. 4—Comparison of experimentally observed performance of
the eye with ideal performance.

statistical considerations. The smallest angle that the eye can resolve
at high lights, for example, is set by the physical size of the retinal
elements or cone structure. A more precise treatment would include,
and be slightly modified by, the shape of the eye curve near its “cutoff”
limits.

12 Connor, J. P., and Ganoung, R. E., “An Experimental Determination
of Visual Thresholds at Low Values of Illumination”, Jour. Opt. Soc. Amer.,
25, 9 (Sept. 1935), p. 287; Cobb, P. W., and Moss, F. K., “The Four Vari-
ables of Visual Threshold”, Jour. Frank. Inst., 205, 6 (June 1928), p. 831.
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The complete characteristic equation for the eye, from Equations
(10) and (4), is

Fk?
B=14

X 10—2 ft-1, (11)
a?C?te

where « is the angle in minutes of arc subtended by a picture element
at the eye and k is the undetermined constant relating C and R.
Figure 5 is a replot of the data in Figure 4. It is a more complete test
of the characteristic Equation (11) and shows the small range* of the
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Fig. 5—Replot of data in Fig. 4.

factor k%/t6 from very low to very high lights as well as its actual
value. At low lights the value of k2/£8 is 2800. If one takes the ex-
posure time ¢ to be 0.2 sec, k*/0 = 560. It is known!? that at threshold
about 150 quanta (near 5300 A) must be incident on the eye to generate
a sensation. This corresponds to about 500 quanta if white light is

* If the full range of this factor is ascribed to the variation of quantum
efficiency from low to high lights, one is presented in this approach with at
most a ten-to-one variation in sensitivity of the eye from low to high lights
as opposed to the usual statement that the dark adapted eye is 103 to 104
times as sensitive as the light adapted eye.
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used. Various measurements and computations™ of the number of
quanta actually wsed in generating the sensation vary from 1 to 50,
giving 6 the range from 0.002 to 0.1 and k the range from 1 to 7.
This range of % is to be compared with the independently obtained
values of five from Romer and three from Schade.

All of the above discussion has been for the purpose of showing
that the performance of the eye satisfies the same type of equation as
that obtained for the ideal pickup device. The quantum efficiency,
assuming k =5, is about 5 per cent at low lights and about 0.5 per
cent at high lights. The noiseless amplifier to be compared with Figure
1 may be some catalytic or triggering action induced by the absorp-
tion of quanta in the retina.

GENERAL DISCUSSION

The classes of picture pickup problems that have received frequent
attention are:

(1) Specification of the performance of any one pickup device;

(2) Comparisons of the performance of two pickup devices of the
same kind, or of different kinds;

(3) The setting of standards of performance for pickup devices
that would “satisfy’ the human eye.

The particular problems to be discussed here are intended only to be
representative, rather than exhaustive.

SENSITIVITY

The simplest test for the relative “‘sensitivities” of two devices is
accomplished by observing the lowest scene brightnesses at which they
can still record a picture. This type of test is immediately subject to
the questions: Was the exposure time the same for the two devices?
What were the relative lens speeds used? What were the relative
picture sizes? While these are obvious questions, there is no essential

13 References to number of quanta used by the eye for a threshold
sensation:

1 quantum——DeVries, H., “The Quantum Character of Light and Its
Bearing on Threshold of Vision, Differential Sensitivity and Visual
Acuity of the Eye”, Physica, 10, 7 (July 1943), p. 553.

2 quanta—van der Veldon, H. A., “The Number of Quanta Neces-
sary for a Light Sensation for the Human Eye”, Physica, 11, 3 (Mar.
1944), p. 179.

4 quanta—Hecht, S., “Quantum Relations of Vision”, Jour. Opt.
Soc. Amer., 32,1 (Jan. 1942), p. 42.

25 to 50 quanta—Brumberg, E. M., Vavilov, S. I, and Sverdlov,
Z. M., “Visual Measurements of Quantum Fluctuations”, Jour. Phys.
(Russian), 7, 1 (1943), p. 1.

WWW americanradiohistorv com


www.americanradiohistory.com

102 TELEVISION, Volume 1V

reason to pause here. The further questions of relative angles of view,
numbers of picture elements and signal-to-noise ratios are of equal
importance. In brief, the comparison of the sensitivities of two devices
is not meaningful until the devices and their transmitted pictures are
completely specified. But complete specification, as pointed out earlier,
means that the quantum efficiency of the primary photo process is the
only parameter that can vary the range of performance of an ideal
device. And accordingly, the quantum efficiency is the measure of
sensitivity. Not all devices, however, are ideal. For this reason, a
more general figure of merit, based on Equation (4) is here proposed.
The figure of merit is proportional to the reciprocal of the total light
flux required to produce a picture of specified signal-to-noise ratio and
resolution in a specified exposure time. The figure of merit is

where f is the numerical aperture of the lens, B is the scene brightness,
and A the area of target. If the performance of the device is ideal,
the figure of merit becomes also a measure of its quantum efficiency.

It is recognized that the signal-to-noise ratio of a given picture is
not a readily accessible parameter and that there is no general agree-
ment on a measure of resolution. The evaluation of sensitivity, how-
ever, can be no more accurate than the knowledge of these parameters.
It is of interest to apply the figure of merit to the interpretation of
several familiar problems.

Fi1LM SPEEDS

Consider the range of film speeds advertised. For the most part.
these are films of the same quantum efficiency but different grain size*
and, for the most part, the essential sensitivity performance of these
films is the same. A simple example will make this clear. Two films,
A and B, are rated at the relative speeds of one and four, respectively.
Their quantum efficiencies are equal and the average grain area of B
is four times that of A. Normally, one might say that B can pick up
a scene with one-fourth the light required by A. While this statement
is true, it is misleading. Suppose one wants the same resolution and
depth of focus in both pictures. This would mean a film area of B

* The relative speeds of Super XX and Eastman High Resolution plates
are in the ratio of about 10! to 1. The relative grain areas are in the ratio
of about 103 to 1.
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four times as large as A to match resolutions and consequently a lens
for B stopped to twice the numerical aperture (f/number) of the lens
for A to match depth of focus. The result is that both films require
the same scene brightness to transmit the same picture—a result which
could have been anticipated from their equal quantum efficiencies or
from their figures of merit evaluated for the same transmitted picture
quality.

COMPARISON OF EYE AND FILM

An interesting application of the figure of merit is to the taking
and viewing of motion pictures. For obvious reasons, the quality of
the motion picture (signal-to-noise ratio and resolution) is aimed at
equaling or exceeding the quality of picture which the eye can transmit
at the brightness of the motion picture screen. For equal quality one
can anticipate that the figure of merit for the eye would be at least
a factor of twenty better than for film based on relative quantum
efficiencies. But, in so far as film aims at better quality and attempts
to compensate for some of its limitations by projecting pictures at a
higher than unity gamma, an additional factor can be expected in
favor of the eye.

Table 1 gives approximate values for f, B, and A to be associated
with the camera that takes the pictures and the eye that views them.
The area of target used for the eye is that area of retina occupied by
the motion picture at a 4:1 viewing distance. The figure of merit for
the eye is seen to be 250 times that for film.

Table 1
f2
B, Ft-L A, In? S
BA
Eye 2.5 10 0.03 20
Film 2 100 0.5 0.08

COMPARISON OF FILM AND TELEVISION PICKUP TUBES

Figure 6 shows the setup for comparing the low light performance
of Super XX film and an image orthicon. The original subject was
illuminated with an ordinary 40-watt bulb attenuated with neutral
filters. The television camera was focused on the subject alone and its
picture was reproduced on a receiver located alongside the subject. The
35-mm camera photographed simultaneously the original and repro-
duced pictures. Both cameras used f/2 lenses and an exposure time of
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1/30 sec. Figure 7 shows the results. Only in the first exposure, at
2 foot-lamberts brightness of the subject, do both original and repro-
duced pictures appear. At 0.2 ft-L only the picture reproduced by the
television camera is present. And, in fact, the television camera con-
tinues to transmit a picture even at 0.02 ft-I, which is the brightness of
a white surface in full moonlight.

One interpretation of this test is that the image orthicon is 50
times as “sensitive” as Super XX film because it can transmit a pic-
ture with 1/50th of the light required by the film. The present paper
argues against this interpretation and sets the factor at ten. This
is based on the fact that the area of target (photo-cathode) used by
the image orthicon was five times the area of the 3$5-mm film frame.

KINE SCOP PICTURE 1
ESCOPE TRANSMITTED| ORIGINAL
BY IMAGE SUBJECT

ORTHICON |
\ /\ Vi
\ a.
\\ / \////
X
i L7
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SUPER ¥ x r.wz LIGHT WITH §3 LENS
¥i

Fig. 6—Setup for comparison of low light performance of
Super XX film and an image orthicon.

If the cameras were to be set up to transmit the same picture with
the same angle of view and depth of focus, the lens on the image
orthicon would have to be stopped 52 times the numerical aperture
of the lens for the 35-mm camera. The threshold scene brightnesses
would then be in the ratio of 10:1.

GRAININESS AND SIGNAL-TO-NOISE RATIO

An excellent survey of the extensive history of the problem of
specifying the graininess of film has recently appeared by Jones and
Higgins.® In this paper and in a second one!t they undertake to com-
pare two general methods of measuring graininess. Method I, which
they describe as a psychophysical measurement, records the distance

14 Jones, L. A., and Higgins, G. C., “Photographic Granularity and
Graininess”, Jour. Opt. Soc. Amer., 36, 4 (Apr. 1946), p. 203.
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from the observer at which the grainy film appears to blend into a
uniform surface. (After introducing an observer for his special
virtues as a measuring instrument, he is ushered part way out again
by the device of normalizing his results with a standard test chart.)
Method II is an objective measurement of the transmission or density
fluctuations of the film using scanning apertures of various sizes.
Broadly, Jones and Higgins argue (1) that the objective measure-
ments should match the “blending distance” measurements in order to

M

INCANDESCENT _ LIGHT SOURCE

il S 2

FOOT

0.2 LAMBERT‘-S
: e ‘ FOOT
0.07 ‘ 0.02 LAMBERTS

Fig. T—Comparison of low light performance of Super XX film and an
image orthicon. (Image orthicon picture is on the left of each frame.)

be considered valid: (2) that the two types of measurements do not
match; and (3) that a major discrepancy is that the blending dis-
tance measurements tend to decrease at large densities while the
objective measurements tend to increase.

In contrast to the above, the present paper would argue that the
two types of measurement, I (by the eye) and II (by a scanning aper-
ture), should, so far as the eye and film satisfy the same physical
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equations derived for an ideal device, show good* agreement. A
large part of the discrepancy noted above under (8) is removable
when reference is made to Figure 4. Here it is seen that in the range
of 0.1 to 10 ft-L the discrimination of the eye for small contrast differ-
ences varies by about five to one. This would correspond to a five-to-
one ratio of blending distances for the same film viewed at a
brightness of 10 and at a brightness of 0.1 ft-L. Because the visual
observations of blending distance are made with a fixed source bright-
ness attenuated by films of varying density, the resulting blending
distance measurements are a product of the graininess properties of
the film and the contrast discrimination properties of the eye as a
function of scene brightness. When the latter term is separated out,
the graininess versus density meaéurements by the two methods
(observer and instrument) show relatively good agreement.

A further rough confirmation may be obtained by reference to some
“blending distance” measurements of Lowry® in which a constant
viewing brightness was preserved. These showed about a factor of
two increase in graininess for a variety of films in the range of den-
sities from 0.2 to 1.0. This increase is in good agreement with the
objective (large aperture) measurements of Jones and Higgins!* shown
in their Figure 16.

It is worth commenting briefly on another item emphasized in the
second paper by Jones and Higgins.!* The concept of the “effective
scanning area” used by the eye in evaluating graininess is introduced.
This is thought to be a useful concept particularly because the results
of objective measurements, using different scanning aperture sizes,
suggest the possibility of matching visual observations with small
apertures rather than large apertures.

Arguments, similar to the above, were at one time current in evalu-
ating the “noise” in a television picture. It was often remarked that
it was only the high-frequency noise that was objectionable. This
would correspond, for example, to selectively emphasizing the obser-
vations of graininess of film obtained with small scanning apertures
(either retinal or instrumental). It is a relatively simple experiment
in a television system to increase the effective scanning aperture

* A precise correlation between eye and instrument observationsg must,
of course, take into account the detailed performance of eye and film near
their limiting resolution—performance which both for eye and film is
determined more by the finite size of its mosaic elements than by statistical
fluctuations, The significance attached to precise visual observations, how-
ever, should be tempered by the known large spread of eye characteristics
from individual to individual.

15 Lowry, E. M., “An Instrument for the Measurement of Graininess of
Photographic Materials”. Jour. Opt. Soc. Amer., 26, 1 (Jan. 1936), p. 65.
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several fold, either by reduction of pass band or by defocusing the
kinescope spot. Such aperture changes are accompanied by large
changes in total noise power as viewed on the kinescope. Yet the
effect on visibility of noise of cutting out the high-frequency noise
components is small compared with the same changes in noise power
distributed uniformly over the noise spectrum. This latter state-
ment is borne out by the curves in Figure 9. In brief, the visibility, or
annoyance, of noise must be assessed over the full range of picture
element sizes from elements at the limiting resolution of the eye to
the largest element, which is the picture itself considered as a unit.

RESOLUTION

The most frequently used, because it is the most easily observed,
specification of resolution is the finest detail that a system can resolve.
This is true for film, pickup tubes, the eye, and optical lenses. In
general, this specification is satisfactory if it is appreciated that the
limiting resolution itself has only narrow utility and that the limiting
resolution is more an indirect measure of what detail is well resolved
by the system. The ‘“well-resolved” detail may be two to four times
coarser than the finest detail. And in the judgment of picture quality,
the eye attaches little weight to the picture elements in the neighbor-
hood of limiting resolution.

One illustration of the confusion caused by the use of limiting
resolution is the comparison frequently made between the resolution of
motion picture film and of a television system. The limiting resolution
of film is compared with the “cutoff” resolution of a television picture.
The picture detail at the “cutoff” resolution of a television system,
however, as limited by the amplifier pass band, has at least the pos-
sibility of being clearly resolved. It is misleading to attach the same
weight to this type of resolution as is attached to the limiting resolu-
tion of film. It would be nearer a true evaluation if the resolution of
film were specified at that number of lines at which film matched the
gsignal-to-noise ratio of a television system at its ‘“cutoff.” Such a
comparison would place the resolution of 35-mm motion picture film,
normally quoted at a limiting resolution of 1000 to 2000 lines, nearer
to the resolution of a 500-line than a 1000-line television picture.

In general, the specification of the signal-to-noise ratio that a pic-
ture pickup device can transmit at an intermediate resolution is a more
accurate and significant specification, not only of resolution, but also
at the same time of the half-tone discrimination of the device, than
is the specification of limiting resolution.
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SATISFYING THE HUMAN EYE

Only one problem, that of presentation brightness, will be discussed
here. Figure 8 shows the signal-to-noise ratio curves of a picture
taken at scene brightness B, and viewed by the eye at presentation
brightness B,". The viewed picture is assumed to be “noise free” and
accordingly the B, curve lies above the By’ curve. If, now, the presen-
tation brightness is increased to B,’, the original scene brightness
must also be increased, other things being constant, by the same fac-
tor to By in order to match the increased discrimination of the eye.
These considerations are significant because both motion pictures and
television pictures aim at higher presentation or screen brightness.
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Fig. 8—Dependence of scene brightness on reproduction brightness.

The converse of the above operations makes an interesting test.
Given a grainy motion picture or a “noisy” television picture, the
most effective way of eliminating the fluctuations with the least cost
to picture detail is to interpose a neutral filter between the eye and
the picture. The discrimination of the eye is thereby readily reduced
below the fluctuation limits of the picture. At the same time, the
picture is shifted to a portion of the eye characteristic which shows
higher apparent contrast and thus partially compensates for the loss
of brightness. Figure 9 shows schematically the effect on picture
detail of three ways of trying to eliminate “noise”: reduction of pic-
ture brightness, increase in viewing distance and reduction of band-
width of the picture. The last-named operation is peculiar to a television
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system and, while it reduces the total noise in the system, has little
effect on the visibility of noise until an extremely coarse picture is
obtained.

The curves B, are the signal-to-noise ratio characteristic of the
picture. The curves B,’, B,”, B,” are the signal-to-noise ratio charac-
teristics of the eye at the brightnesses B;” and B,’. In order that the
fluctuations in the picture not be observed by the eye, the signal-to-
noise ratio of the picture should be above B,’, B,”, or By’. The limits
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Fig. 9—(a) Noise reduction by lowered repro-

duction brightness; (b) Noise reduction by in-

creased observer distance; (¢) Noise reduction
by bandwidth reduction.

of performance of the eye are shown by the three dotted lines. They
mark out the minimum area that the eye can resolve by virtue of its
cone structure, the minimum signal-to-noise ratio that it can perceive,
and the maximum signal-to-noise ratio it can generate corresponding
to the Weber-Fechner limit of 2 per cent brightness discrimination.
The “cutoff” characteristics of the eye are shown as idealized sharp
breaks to simplify the argument.
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Starting with a noisy picture, that is, By lying above B, as in
Figure 9a, there are several formal operations that can be performed
to get rid of the noise, that is, to insure that all parts of B; lie above
the eye curve. Each of these operations corresponds to a physical oper-
ation and each affects the observed picture detail differently. In
Figure 9a the eye curve B’ is transformed into B,’ by a change of
ordinate scale factor. This corresponds to interposing a neutral filter
at the eye. The finest detail observable is still at the “cutoff”’ limit of
the eye. In Figure 9b, the eye curve B’ is transformed into B,” by a
change of abscissa scale factor. This corresponds to backing away
from the picture. Although the finest observable detail remains at the
“cutoft” of the eye, this “cutoff” now corresponds to coarser detail in
the picture. In Figure 9c, the pass band of the amplifier through which
the original picture is transmitted is reduced to the point where the
picture fluctuations are below the Weber-Fechner limit. This is an
expensive way to remove noise—expensive in picture detail.

A final aspect of the significance of presentation brightness arises
in the comparison of the low light performance of a man-made device
with that of the human eye. Assume, for example, that the man-
made device is ag sensitive ag the eye. If one picks up a scene whose
brightness is 0.1 ft-L and views the reproduction at a presentation
brightness of 10 ft-L, noise should be visible in the reproduction while
it was not visible in the original scene. The higher presentation
brightness gives the eye an unfair advantage. A more valid procedure
would match the presentation brightness of the reproduction with
the brightness of the original scene.

VISUAL NOISE

The phrase ‘“‘signal-to-noise ratio of the eye” has been used fre-
quently in the preceding discussion. One might expect to be able to
“see” these fluctuations just as one sees the graininess of film or the
noise in a television picture. The writer is convinced that such flue-
tuations are observable* particularly at low lights around 10—* ft-L.
A white surface then takes on a grainy appearance not unlike that of
motion picture film. The observations in more detail are: in complete
darkness little or no fluctuations are detectable, a fact which attests
the substantial absence of local noise sources in the eye. Near threshold
brightnesses, large area, low amplitude fluctuations appear. At higher
brightnesses these fluctuations increase in amplitude and decrease in
size. In the neighborhood of 10-2 ft-I the fluctuations tend to dis-

* See also DeVries.
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appear and a white surface takes on a ‘“smooth” appearance and
remains so at normal brightness levels. A secondary observation is
that low-level blue light appears distinctly more grainy than low-level
red light.

The last observation, together with known data on dark adapta-
tion, fits in well with the assumption of a gain control mechanism in
the eye. This gain control, just as the gain control in a television
receiver or the lamp brightness used for film projection, does not alter
the signal-to-noise ratio but does alter the visibility of noise by pre-
senting the picture at a higher or lower brightness level. Thus, at
high scene brightnesses, the gain control in the eve may be turned
down to the boint where the fluctuations are just not visible. (The
sensitivity of the eve is apparently high enough to afford this luxury.)
If one suddenly reduces the scene brightness, the gain control is still
momentarily set at a low value and the picture is dim or not visible.
As the gain control resets itself at a higher level, the picture appears
to get brighter. This corresponds with the experience of dark adapta-
tion. At these low light levels (10—* ft-I.) one has only to assume
that the gain control is set high enough to make the fluctuations
vigible,

To account for the observations that low-level blue light appears
to have more fluctuations than low-level red light, the gain control
mechanism can be assumed to be set higher for blue than for red.
This is not as “ad hoc” as it may appear. The reason is that, although
at low-light levels* blue appears brighter and grainier than red, they
both present the same resolution to the eyve.'® And since the resolu-
tion is determined by signal-to-noise ratio, this is in agreement with
the assumption of a gain control that varies presentation brightness
but not signal-to-noise ratio.
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) 18 Luckiesh, M., and Taylor, A. H., “A Summary of Researches in See-
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ANALYSIS, SYNTHESIS, AND EVALUATION OF THE
TRANSIENT RESPONSE OF TELEVISION
APPARATUS*f

By

A. V. BEDFORDI AND G. L. FREDENDALLY

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

Summary—The sharpness of detail in a television picture is directly
dependent upon the capability of the tramsmitter for the transmission of
abrupt changes in picture half tone. A suitable test signal is a square wave
of sufficiently long period.

Rules are deduced for the evaluation of the subjective sharpness to be
expected in transmitted pictures and may be applied when the square-wave
response of the transmitting apparatus is known.

Rapid chart methods have been devised for (1) the analysis of a
square-wave output into sine-wave amplitude and phase response and (2)
the synthesis of a square-wave response from a given set of amplitude and
phase characteristics. Analysis furnishes an immediate solution to the
familiar but troublesome problem of finding the sine-wave characteristics
of television apparatus.

The four aspects of the application of square waves to television, i.e.,
measurement, analysis, synthesis, and evaluation, are presented as a basis
for a unified and complete technique.

The authors hope that this paper will be a contribution to the general
problem of working out electrical specifications for television transmitters
and other television apparatus, giving information regarding the steepness
of rise and the amplitude of overswing of the square-wave response.

I. INTRODUCTION

S a result of the scanning process, the sharpness of detail in a
A television picture is directly dependent on the capability of the
transmitter and receiver for the faithful transmission of sig-
nals arising from abrupt changes in picture half tone along the scan-
ning line. Recognition of the validity of the Heaviside unit voltage,
the electrical equivalent of an abrupt change in half tone, as a test
signal, was accorded eafly in the art. Notwithstanding, the prepon-
derance of emphasis has been placed upon the sine-wave characteristics
of television apparatus, that is, upon the amplitude- and phase-versus-
frequency characteristics.

* Decimal classification: R583.

+ Presented at the Summer L.R.E. Convention in Detroit, Michigan, on
June 25, 1941. Reprinted from Proc. I.R.E., October, 1942.

I Now with the Research Department, RCA Laboratories Division,
Princeton, N, J.
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It has long been known that the response of a linear signal-trans-
mitting system to a Heaviside unit voltage contains all the information
necessary to determine both the phase-frequency and the amplitude-
frequency characteristics. Conversely, the two frequency characteris-
tics determine uniquely the response to a unit voltage (and incidentally
the response to any other transient input wave). It is also known that
the response to a single abrupt rise in a repeating square wave of
sufficiently long period is essentially the same as the response to a
Heaviside unit voltage insofar as that part of the transient response
due to high frequencies is concerned.

In view of this implicit relationship between the sine-wave and the
transient-response! characteristics of electrical circuits, it is surprising
that the testing and specifying of high-frequency fidelity of both audio
and video apparatus by the response to a square-wave has not become
more common.?

Several circumstances have impeded rapid growth in the use of
square waves to determine the high-frequency response. In the first
place, the well-established sine-wave methods, which were developed for
audio work, have the advantages of precedence and well-developed
techniques for measurement, recording and plotting data, diagnosing
imperfection, and comparing performances. Second, the lack of suit-
able oscillographic apparatus for accurately indicating the instantane-
ous response as a function of time has been a large contributing factor.
A recently developed square-wave oscillograph® and square-wave gen-
erator provide a solution to this problem.

The laboriousness of classical methods for translating the results
of sine-wave measurements into transient response and vice-versa, has
tended improperly to make the two test methods seem unrelated and
competitive instead of complementary. Furthermore, there has been
no satisfactory means for evaluating numerically the fidelity of a par-

1In this paper, the term transient response will be used as the equiva-
lent of the expression response to a Heaviside unit voltage.

2 The use of a 60-cycle square-wave generator and an oscillograph for
investigation of the behavior of a television system at low frequencies of
the order of the field scanning rate is well established. In these measure-
ments, performance is judged by inspection of the ‘“tilted” output wave
and harmonic analysis of the wave is usually not desired. In general, a
television system will have uniform response over a frequency range of
many octaves in the region between the so-called “low-frequency’” end and
the “high-frequency’ end, so that fidelity measurements at the two ends of
the spectrum may be considered separately. This paper will be concerned
only with the high-frequency end.

3R. D. Bell, A. V. Bedford, and H. N. Kozanowski, “A Portable High-
f‘é'fguency Square-Wave Oscillograph for Television”, Proc. I.R.E., October,
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ticular piece of apparatus or transmitting system from the transient
response. In television.applications it has been recognized that the
“mean” steepness of rise of the transient-response wave is a measure
of the sharpness of the picture which the system could transmit. Still
there is no general agreement on a method of measurement and calcula-
tion of a mean value of steepness which is a consistent and an accurate
indication of the picture sharpness for a wave having nonuniform
steepness during the time of rise. The presence of overswing in the
transient response makes evaluation even more difficult because of the
effect on the visual sharpness of the picture and because of the intro-
duction of spurious effects in the picture.

Accordingly, for the purpose of simplifying the passage between
sine-wave response and transient response and interpreting the latter,
we present below: (1) a graphical chart method for analyzing the
response of a system to a square-wave input signal to obtain the sine-
wave phase and amplitude characteristics; (2) a graphical chart
method for synthesizing the response to a square wave from the sine-
wave phase and amplitude characteristics; (3) a method for evaluating
the mean steepness of a transient-response wave in terms of the width
of blur produced in a televigsion image by a wave which is similar in
its visual effect and which has a linear change from one level to
another; and (4) suggestions for the supplementing of sine-wave meas-
urements by transient measurements.

II. ANALYSIS OF SQUARE-WAVE RESPONSE INTO PHASE-FREQUENCY AND
AMPLITUDE-FREQUENCY CHARACTERISTICS

The analysis employs several permanent charts (Figures 2 to 5),
the construction and use of which may be simply explained by refer-
ence to Figure 1. '

Figure 1(a) shows the repeating square wave e applied to the
apparatus under test. Wave d is the response measured at the output
terminals. The fundamental period of e is not critical but must be
taken long enough to insure that wave d has subsided to a substantially
constant level during the latter part of each half cycle. Also the true
time relation between waves d and e under test conditions has no
significance in the present analysis and need not be known.

A basic hypothesis upon which the analysis of wave d rests is that
a stepped wave f may be drawn which approximates in harmonic con-
tent that of wave d. It is clear from inspection that the waveform of f
may be caused to approach that of e as closely as desired by taking
the steps sufficiently small. Since wave f in the regions a to b and o
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to b’ is of uniform amplitude, the lengths of the time intervals from
a to b and @’ to b’ have no bearing on the shape of the transient
portion of the waves. Hence, the fundamental period of wave f is
unimportant provided that the value is great enough so that a part of
f is uniform after each transition. The upward transition of wave f
is the same as the downward transition except for inversion. Hence,
the rectangles g”, h”, ¢”, etc., may be considered as continuations of

(a)

Fig. 1—(a) Approximation of a square-wave response d by a stepped wave f.
(b) Vector addition of components of frequency f. in waves g, k, i, ete.
(c) Vector addition of components of frequency 2f» in waves g, h, i, ete.

rectangles ¢, k', 7/, etc. It follows that wave f has the components
g, h, 1, ete.

Each of these square-wave components is identical in shape to the
input wave e and hence contains all harmonics in the same proportion
as the input wave. Each of the square waves, however, has a different
delay and hence, the harmonics of the various square waves occur in
different phase relations. Therefore, the magnitude of each harmonic
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in the stepped wave, relative to the same harmonic in the input wave e,
is indicated by the sum of a group of vectors having amplitudes pro-
portional to the steps g’, &/, ¢, etc., and angular positions correspond-
ing to the different delays of the square waves g, &, i, etec. No cog-
nizance need be taken of the fact that the harmonics of a square wave
vary in amplitude inversely as their frequencies. Inasmuch as the
fundamental frequency of the input wave may be allowed to approach
zero (such that wave e becomes a Heaviside unit voltage), any refer-
ence to discrete harmonies may be dropped and the response of the
apparatus approximated at any frequency to a degree of accuracy
which depends on the fineness of the steps in wave f.

Figure 1(b) shows the vector addition involved in finding the
response for the frequency f,. Each vector component has the same
angular position, namely, 2«f,T, with respect to the preceding com-
ponent since the waves g, h, i, etc. correspond to points on the real
response curve taken at equal time intervals T. Waves | and m are
negative; hence, the vectors I and m are negative. The length of the
vectorial sum OB gives the relative amplitude response of the appa-
ratus tested and the angle AOB is the relative phase shift for the
sine wave f,. Figure 1(c) is drawn for a frequency equal to 2f,. The
angle between successive vectors is 2#2f,T. As in Figure 1(b), OB
is the amplitude response at the frequency 2f, and the angle AOB is
the relative phase shift.

A set of analysis charts, Figures 2, 3, 4, and 5, were designed in
order to reduce to a minimum the labor involved in performing the
vectorial additions in Figures 1(b) and (c). Essentially, each chart
serves as a protractor and a linear radial scale for use in locating the
end points of the vectors. Two sets of time intervals, 1/20 and 1/30
microsecond, (referred to as 20- and 30-megacycle dots) between suc-
cessive components g, k, 7, etc., appear to be adequate for television
applications. The basis for a choice of one of the two sets depends
upon the degree of accuracy desired. This aspect is discussed later.
Components (i.e. readings from the transient-response wave d) are
numbered to correspond to radial lines on the charts. The angle
between consecutively numbered radial lines is the angle used in the
construction of Figures 1(b) and (¢) (e.g., on Figure 3, the angle in
scale 1 for the solution of the response at 1 megacycle is 18 degrees.)
The component vectors g, h, 7, etc., lie along the radial lines and the
vectors are added as in Figure 1(b) by manipulation of a sheet of
semitransparent paper. Detailed directions for the operation of the
charts are given below. The charts and directions are drawn or printed
preferably on cardboard or stiff paper.
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A. Instructions for Using Figures 2, 8, 4 and 5 for Analysis of Square-
Wave Response

Using a square-wave generator and an oscillograph or other means,

obtain per cent voltage readings at 1/20-microsecond intervals (corre-

sponding to oscilloscopic readings with 20-megacycle ‘“‘dots” for

timing) along the transient wave (Figure 6) such as shown in column

Fig. 2—Chart for square-wave analysis.

Scale 20-Mc Dots 30-Mc Dots
@ 0.25 Mc 0.375 Mc
@ 0.5 Mec 0.75 Mec
@ 1.5 Me 2.25 Mec

(a) of Table I. (If more accurate analysis is desired, use readings at
1/30-microsecond intervals).

Readings should begin at the zero-voltage level before the beginning
of the transient and end at a 100 per cent point where the voltage
becomes uniform after the transient rise has been completed and sub-
stantial rest attained. Wave d of Figure 1 is a typical plot of such a
wave but plotting is not necessary for the purpose of the analysis.
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Compile column (b) by taking the differences in adjacent readings in
column (a). These numbers represent the amplitudes of the incre-
ments in the “stairstep” wave f. Number the increments consecutively
as in column (c¢).

Draw a horizontal x axis and a vertical ¥ axis on a sheet of suffi-
ciently transparent tissue paper. Place the tissue paper on Figure 4,

Fig. 3—Chart for square-wave analysis.

Scale 20-Mc Dots 30-Mc Dots
@® 1 Mec 1.5 Me
©) 2 Me 3 Me
@ 3 Mc 4.5 Mc

for example, with the origin of the z-y system at the center of the
chart. (It will be noted that Figures 2, 3, and 4 are for different fre-
quencies.) Make a pencil dot on the tissue on the radial line marked
“1” in circular scale (1) at a distance from the center of the chart
equal to increment No. 1 in column (b). Move the tissue so that this
dot coincides with the center of the chart, keeping the x axis parallel
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to the horizontal dotted lines on the chart. Make a second dot on the
radial line marked “2” in circular scale (1) at a radius equal to incre-
ment No. 2. Move the tissue until the second dot is at the center of
the chart and repeat the procedure for the remaining increments.
Positive increments are plotted in the radial direction toward the incre-
ment number in circular scale (1) while negative increments are

Fig. 4—Chart Tor square-wave analysis.

Scale 20-Mc Dots 30-Mc Dots
@ 2.5 Me 3.75 Me
@ 3.5 Me 5.25 Mc
® 4.0 Me¢ 6.0 Mc

plotted in the opposite direction. Dots may be numbered to avoid
errors.

Draw a vector from the z-y origin to the final dot located. Place
the tissue on Figure 5 and read the length of the vector on the “ampli-
tude scale.” This length is the 2.5-megacycle amplitude response in
per cent. Read the angle between the y axis and the final vector by
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using the protractor in Figure 5. This angle! is the phase lag of the
2.5-megacycle component of wave (d) relative to point P in Figure 1
where P is % a reading interval before the second reading in column
(a). The phase angles obtained for the various frequency components
are correct relative to one another but the absolute time delay through
the system is not obtained. The phase angles may be converted to time
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Fig. 5—Chart for square-wave analysis.

delay by means of the delay graph of Figure 5. In the example given
above, the amplitude response at 2.5 megacycles is 85 per cent. The
relative phase angle is 103 degrees which corresponds to a time delay

1 The angle read between the y axis and the vector is the phase angle
for the 2.5-megacycle response of the stepped wave f with respect to the
time of the second reading of column (a). Wave f lags the true-response
wave d by one half a reading interval. .
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of 0.114 microsecond. Obtain the response at other frequencies in a
similar manner by using the increments in conjunction with the other
scales of Figure 2 and the scales of other charts.

The charts may be used for other frequency ranges such as the
audio range. In such applications, the time interval between succes-
sive readings on the transient-response wave will not usually corre-
spond to 20- or 30-megacycle dots. However, the analysis charts shown
in Figures 2, 3, 4, and 5 may be employed as in the example given in
Table I, when the appropriate multiplying factor for frequency is
computed. This factor is equal to Ty/Ty where Ty is 1/80 X 10—° or
1/20 X 10—% second depending upon the original dot frequency for
which the charts were designed. Ty is the new time interval in seconds.
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Fig. 6—1Illustrative example of a square-wave response reproduced by an

oscillograph showing readings at 0.05-microsecond intervals
(20-megacycle dots).
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B. Ezxamples of Accuracy of Chart Analysis in Specific Applications

In the instance of a compensated resistance-coupled amplifier,
mathematical formulas are available for the exact calculations of the
amplitude and delay characteristics and the response to a unit func-
tion.” Hence, some conception of the accuracy of chart analysis may
be gained by observing the agreement of data thus determined with
the exact characteristics. Figure 7 contains such data based on the
analysis of the unit-function-response wave shown in Figure 8. Figure
9 contains similar data based on the response wave of Figure 10. Since
the delay characteristics determined by graphical analysis have only

5 Appendix II.
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TABLE I
(a) Q) © (@) ® | ©
o o o 95 —-13 7
2 2 1 93 =7 8
22 20 2 10t 8 9
56 34 3 102 1 10
87 31 4 99 | -3 11
108 21 5 100 | 1 12
108 0 6 100 | 0 13

relative significance, the data points corresponding to a 20-megacycle-
dot readings were shifted a constant amount (0.026 microsecond) in
Figures 7 and 9 so that the best correspondence with the mathemati-
cally determined delay curves was reached in order that the results of
graphical and mathematical methods may be compared directly. A
similar shift of 0.017 microsecond was made in the case of the 30-
megacycle-dot data. The deviations of the data points in Figures 7
and 9 from the exact curves represent the degree of approximation of
analysis as applied to two specific cases. For the general case, no
definite limits can be set up for the error in sine-wave characteristics
as determined by chart analysis. As in Fourier analysis,® the error

120 A2

00 A AMPL[ITUDE i
— (exjacT) ‘
= (&)
= Lt
o (7]
§ 80 " \\‘ 20-Mc|DOTS .103\
W g0 / \ \~30-r1c DOTS 0 )._
2 / \ 5
T 40 / \QELAY} N \ 08 5
: | NLOK

20 \jr\\m
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2 3 4 5 7}
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Fig. 7—Curves show exact amplitude and delay characteristics of a 2-stage

compensated resistance-capacitance amplifier in which K = V 2, fo—=3 mega-

cycles. Amplitude and delay characteristics determined by chart analysis of
Figure 8 are shown by data points.

8 The amplitude characteristic of a circuit, as determined graphically
from the square-wave response, may be converted into the amplitude charac-
teristic corresponding to Fourier analysis of the response of the same circuit
to a square pulse. This conversion is discussed in Appendix IIL.

www americanradiohistorv com


www.americanradiohistory.com

TRANSIENT RESPONSE 123

depends upon the specific curve which is analyzed and upon the length
of the time interval between readings, or in other terms, upon how
well the curve is defined by the series of dots. A better approximation
to the exact amplitude oty delay characteristic at the higher frequen-
cies is afforded by a solution based on 30-megacycle-dot readings rather
than on 20-megacycle-dot readings.

It is conceivable that as a consequence of strong components of
very high frequency the transient-response wave could make violent
excursions between adjacent readings such that a plot of the readings
would not clearly define the wave even for the lower-frequency com-
ponents. In such a case, inspection would show that analysis would be
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Fig. 8—Exact response to a unit function of a 2-stage compensated resis-

tance-capacitance amplifier where K = V 2 and f,=3 megacycles. Points

shown were obtained by synthesis from theoretical amplitude and delay
characteristics in Figure 7.

inaccurate. In general, it has been found that if the 20-megacycle
timing dots trace out the square-wave response unmistakably, the
20-megacycle dots are sufficiently accurate for analysis out to 8.5
megacycles. Under the same conditions, 30-megacycle dots are ade-
quate out to 5.25 megacycles.

ITI. SYNTHESIS OF SQUARE-WAVE RESPONSE FROM THE SINE-WAVE
CHARACTERISTICS

A closed mathematical formula’ is available for the calculation of

"A. V. Bedford and G. L. Fredendall, “Transient Response of Multi-
stage Video-Frequency Amplifiers”, Prec. LR.E., Vol. 27, pp. 277-285;
April, 1939.
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Fig. 9—Theoretical amplitude and delay characteristics of a 2-stage com-

pensated resistance-capacitance amplifier in which K = 1.1 and f, = 4 mega-

cycles. Amplitude and delay characteristics determined by chart analysis
of Figure 10 are shown by data points.
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Fig. 10—Exact response to a unit function of a 2-stage compensated resis-
tance-capacitance amplifier in which K = 1.1 and fo= 4 megacycles.
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the response of a linear electrical system to a unit function from the
sine-wave amplitude and phase characteristics. When a numerical
answer is sought, however, the formula is rarely practicable. As
pointed out earlier, the solution for the response to a square wave may
usually be substituted when the period required does not necessitate
the computation of many terms of the Fourier series. The period 1/f,
chosen must be long enough to permit the transient response of the
circuit under consideration to assume a substantially constant value
between consecutive abrupt changes in the square wave.
If the square wave applied to the circuit is

1 2
E(t) =-—+ — (sin 2nf,t + V5 sin 67f,t + Y sin 10=f,t
2 T
1
+eoo 4 —sin2mnft +--- (1)
n
then the response is
1 2 Ag
€(t) =— +— (A, sin 2nf,(t — D;) + —sin 6=f,(t — D3)
2 T 3
A,
+ oo+ ——gin2mnf,(t —D,) +--- (2)
n

where A, and D, are the amplitude response and delay of the circuit
for the nth harmonic. D, = phase shift in radians/2=nf,.

Synthesis charts, Figures 11, 12, and 13, were developed for the
summing of the significant terms of the series (2) above. The prin-
ciple of the charts is based on the vector representation of a sine funec-
tion. For example, the term A,/n sin 27nf,(t — D,) is represented in
Figure 14(a) by the length of the perpendicular AC to the vector OD.
The value of the term may be found rapidly, for specific values of ¢
which have been determined in advance, by dividing the circumference
of a circle into a number of equal parts.

For example, if the circle in Figure 14(b) is divided into N equal
segments, then the value of the sine term may be found every 1/Nnf,
second starting at ¢t = 0. It is convenient to designate a specific value
of time ¢ by one of the whole numbers between 0 and N.

A straightedge may be placed along the radial line which makes
the required angle 2=nf,D, with the x axis. (See Figure 14(b)). The
quantity 2znf,D, will usually be expressed in terms of the unit angular
segment used in marking off the circumference of the circle. If a
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draftsman’s triangle is moved along OD, successive values of the sine
term corresponding to regular intervals of time may be read on a
calibrated scale AC (marked on one leg of the triangle) by noting the
points of intersection of the radial lines and an imaginary circle hav-
ing a diameter OA equal to 4,/7#. The multiplying factor 2/x in (2)
may be taken into account by suitable calibration of the scale AC. A

n\ﬁ&.\“vﬂ

90780 10 "B FT—fr—

e 108
g A
A
f

Fig. 11—Chart for square-wave synthesis.

Scale 0.05-microsecond intervals
@® 0.25 Mec
® 0.75 Mec
® 1.25 Mc
@ 1.75 Mc

number of concentric circles permanently drawn on the chart, so as to
divide the diameter of the largest circle into a convenient number of
equal parts, will aid in finding the length OA as the triangle is shifted.
Readings along the calibrated edge are positive above the line OD and
negative below OD. ’
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The same chart may be used for a number of different harmonic
terms by simply numbering the radial lines appropriately for each
term. Thus, in Figure 14(b), if the circular scale (1) represents the
fundamental term sin 2xf,t, then circular scale (3) will represent the
3rd-harmonic term sin 6xf,f in which the unit angle is 3 times the
unit angle in scale (1) ete. The steps involved in finding and sum-

Fig. 12—Chart for square-wave synthesis.

Scale 0.05-microsecond intervals
@ 0.25 Mc
® 2.26 Me
@ 2.76 Mc
@ 3.75 Mc¢

ming the sine terms in (2) have been systematized in a set of syn-
thesis charts, Figures 11, 12, and 13. The following directions have
been drawn up to facilitate rapid use of the synthesis charts.

A. Directions for Use of Synthesis Charts
Figures 11, 12, and 13 are used in the compilation of the response
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of an electric circuit to a square wave as represented by the first 10
odd harmonies (1st, 3rd, . . ., 19th) when the sine-wave, phase-delay,
and amplitude characteristics of the circuit are known.

The particular charts illustrated were arbitrarily designed for a
fundamental frequency of 0.25 megacycle which has been found satis-
factory for television purposes. In this instance the square-wave

Fig. 13—Chart for square-wave synthesis.

Scale 0.05-microsecond intervals
©) 0.256 Me
@ 3.75 Me¢
© 4.25 Me¢
4.75 Me

response is found at intervals of 0.05-microsecond (i.e., 1/80 of the
period). The result is a close approximation to the response of a cir-
cuit to a unit function when (1) the square-wave response attains
substantially a steady value within 2 microseconds (i.e., one half the
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Fig. 14

(a) Basic principle of construction of synthesis charts.
(b) Use of synthesis charts.
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period of the fundamental frequency) and (2) the contribution of
harmonics beyond the 19th (4.75 megacycles) may be neglected.

The rapid use of the charts is expedited by observation of the fol-
lowing procedure in the preparing of Table II. A synthesis of the
amplifier square-wave response shown in Figure 8 from the theoretical
amplitude and phase characteristics in Figure 7 is used as an example.

(1) Record in column (c) the amplitude response in per cent corre-
sponding to each harmonic divided by the order of the har-
monic.

(2) Shift the real delay curve up or down but parallel to itself to
any new position for which the minimum delay in the essential
frequency band is equal to, or near, zero. Shifting (i.e., sub-
tracting a constant delay) is a convenience in manipulating

TABLE 11
SYNTHESIS OF 32-STAGE AMPLIFIER
(a) (b) (c) (d) Contributions of Harmonics Read
Amplitude from Charts
Order Fre- Response; Delay
of Har-| quency | of Har- | of Har- (0) (1) (2) (27) (28)
monic, | of Har- [ monic+n | monic t=0
n monic (in per X20n | micro- {¢=0.05|t=0.1 |t=1351¢=1.4
(Mc¢) | cent) seconds
1 0.25 100 1.5 -7.5 | —2.5 | +2.5
3 0.75 34 4.7 -7.8( —-2.9 | 42.3
5 1.25 21 8.5 —8.4 3.6 +1.6
7 1.75 15 12.9 -8.1 —4.3 | 40.8
9 2.25 11 17.6 -6.6 —-4.3 +0.2
11 2.75 7.5 22.2 -4.7 | —-3.7| —-0.1
13 3.25 5 26.0 3.0 —-2.8 0
15 3.75 3.5 29.0 -1.7 | =2.0 | 40.2
17 4.25 | 2.5 31.6 -~0.9 | —1.4| 40.7
19 4.75 | 2 33.4 | —~0.5| —0.9 | +0.4
Add +50 +50 +50 +50
Instantaneousiesponse + 1 +22 -+59

.

the charts but is not a necessity.

(3) Record in column (d) the real delay (in microseconds) (or
shifted delay, if performed) of -each harmonic multiplied by
20 times the order of the harmonic.

(4) Proceed as follows to enter the contributions of the various
harmonics in columns (0) to (28):

(A) Pass a straightedge through the center of Figure 11 along
the radial line corresponding to a number on the cir-
cular scale (1) equal to the delay of the fundamental
frequency recorded in column (d). Circular scale (1)
refers to the series of radial lines numbered 0 to 80 in
ring (1). The straightedge remains fixed until steps (B)
and (C) below have been completed.
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On the radial line number 0 on scale (1) find a point
which is at a distance from the center of the chart equal
to the number in column (c). The length of the perpen-
dicular from this point to the straightedge is the contri-
bution of the fundamental frequency at ¢ = 0. If the point
referred to is below the axis, the contribution is entered
in column (0) of the table with a negative sign. If above,
the contribution is entered with a positive sign. The per-
pendicular is measured with a calibrated triangle illus-
trated in Figure 15. One leg slides along the straightedge
while the calibrated leg forms the perpendicular.

Fig. 15—Calibrated triangled for reading contributions of harmonics from

synthesis charts.

(C) The contribution of the fundamental at ¢ = 0.05 micro-

(D)

second, to be entered in column (1) opposite 0.25 mega-
cycle, is found by locating the point 1 on scale (1) and
proceeding as directed for point 0. Point 2 corresponds
to 2 X 0.05 microsecond. In a similar manner, the first
row of entries in Table II are made.

In order to find contributions of the 3rd harmonic, pass
the straightedge through the number on scale (1) corre-
sponding to the delay factor from column (d). Use scale

8 The 100 per cent point on the radial scales of Figures 11, 12, and 13
should coincide with the 63.6 (= (72) 100) per cent point on the calibrated
triangle when the triangle is drawn to the same scale as the figures.
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numbers on scale (3) in order to locate the perpendicular
and proceed with the measurement of its length as
directed above for the fundamental frequency.

(E) Complete the table for the other harmonies in a manner
similar to the above.

(F) The instantaneous value of the square-wave response at
t = 0 microseconds is found by summing column (0) and
adding 50 per cent. Similarly, the response is found at
other times by summing the appropriate column and add-
ing 50 per cent.

B. Examples of Synthesis of Square-Wave Response

Several points on the square-wave response of a 2-stage amplifier
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Fig. 16—Synthesis of the square-wave response of a 32-stage compensated
resistance-capacitance amplifier in which K = 1.51 and f.== 7.7 megacycles.

are synthesized in Figure 8 from the amplitude and phase character-
istics in Figure 7. Sin.ce the theoretical response is shown, a direct
indication of the accuracy of the synthesis is available. The discrep-
ancy is seen to be only a few per cent in this example.

The chart method greatly simplifies and shortens the synthesis of
square-wave response in complex cases in which rigorous mathematical
formulas for response are impracticable. A typical example is the
response of a 32-stage amplifier which was synthesized in Figure 16
from the theoretical amplitude and phase characteristics of Figure 17.
In this particular case, an absolute measure of the error of the syn-
thesis is not known. The deviation of any synthesized square-wave
-response from the exact square-wave response is due only to errors in
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manipulation of the charts and the neglect of contributions of har-
monics beyond the limits of the charts (4.25 megacycles).

IV. EVALUATION OF THE SQUARE-WAVE RESPONSE

Assume that a subject containing an extensive dark area and an
extensive white area with a sharp vertical junction between the two is
used as a test subject for a determination of the fidelity of transmission
of a television system.® An ideal scanning device in crossing the junc-
tion would generate a unit voltage which becomes the input signal for
a television transmission system under test. The output signal or
response of the system may be symbolized in Figure 18. The wave-
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Fig. 17--Exact amplitude and delay characteristics of a 32-stage compen-
sated resistance-capacitance amplifier in which & — 1.51 and
fo="T.7 megacycles.

shape may be determined experimentally by a square-wave oscillograph
or by synthesis from known sine-wave characteristics of the system.
If the test subject were reproduced by an ideal scanning device (i.e.,
one having negligible aperture losses), actuated by the output signal,

9 The use of a single abrupt transition from one brightness to another
brightness as a test subject for measuring “resolution” in a television pic-
ture was developed by R. D. Kell, A. V. Bedford, and G. L. Fredendall in
“Determination of Optimum Number of Lines in Television System”, RCA
REVIEW, Vol. V, pp. 7-30; July, 1940. A test pattern consisting of sev-
eral converging bars is much more commonly used in evaluating an entire
television system on account of convenience. The results obtained, however,
are less significant because the resolution of the individual bars is not
affected by the phase fidelity, whereas it is known that phase fidelity affects
the sharpness and utility of most television pictures.
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the variation of light intensity on the screen along the scanning lines
would be as shown in the figure when using for the ordinates and
abscissas the light intensity and distance, respectively. The distance
required for the complete change from black to white is greater than
zero due to the finite rate of rise of the response curve. Upon close
observation of the screen, the junction would appear blurred. Further-
more, several alternate light and gray striations following the junction
would be observed as a consequence of the damped oscillation in the
response. The overswing shown in Figure 18 would not be entirely
objectionable for television purposes because at the optimum viewing
distance most of the overswing is not distinguishable from the transi-
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Fig. 18—Nonlinear response of a hypothetical complete television system
and the equivalent linear response in terms of light along the screen surface
or electrical response of the system.

tion and the net effect would be substantially a single transition. In
fact, the visual sharpness of the transition is enhanced by the over-
swing in the response wave. If a quantitative measure of the sharp-
ness were found, the response wave in Figure 18, for example, could
be compared directly with other waves having different shapes, and
the relative merit of television apparatus with reference to picture
sharpness could be determined.

With the object of finding such a measure of sharpness, the writers
constructed several different synthetic black-white transitions with ink
on cardboard using fine shading lines of variable widths to reproduce
accurate half-tone values. When the transitions were viewed at a dis-
tance for which the “blur” was just discernible, that is, the optimum
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viewing distance it was observed that a simple linear transition sim-
ilar to that shown dotted in Figure 18 could be found for each non-
linear transition such that the observer was unable to distinguish
between the nonlinear transition and its linear equivalent.

The width of the visually equivalent linear transition was termed
the equivalent “blur” of the nonlinear transition. The blur may be
specified in units of distance along the picture screen or in the corre-
sponding units of time. Complex transition curves containing damped
oscillations of sufficiently long duration are properly represented by a
linear transition followed by that part of the oscillation which the eye
does not include with the transition.

The comparison method of determining blur is objectionable
because the labor involved is great and the evaluation of each transi-
tion depends somewhat upon the observer’s judgment. A method not
subject to these objections has been.devised whereby the blur may be
found directly from a plot of the light intensity along a transition.
The steps involved in applying the method are given below in a “Gen-
eralized Statement’” which defines the conditions under which a linear
transition is visually equivalent to a nonlinear transition such as
Figure 18. For clarity, this “Generalized Statement” is presented in
the form of a law or theorem, but we do not presume to use these
terms until the statement has been proved more adequately by theory
or experiment than is done in this paper.

Generalized Statement

A linear transition having a uniform rate of change of intensity
along the surface from a first mean brightness to a second mean bright-
ness is visually equivalent at the optimum viewing distance to any
nonlinear transition from the first mean brightness to the second mean
brightness when conditions 1 and 2 below are fulfilled.

Condition 1—The summation of the weighted differences of the
light intensities of the linear transition and of the nonlinear transition
is zero, where the weighted differences are the real differences of light
intensity along the transitions multiplied by a weighting factor. The
The weighting factor varies linearly with distance from a value of —1
at the first inflection point of the linear transition to + 1 at the second
inflection point; also linearly with distance from a value of zero at a
point preceding the first inflection point by half the distance between
inflection points, to the — 1 value at the first inflection point; also
linearly with distance from the + 1 value at the second inflection point
to zero at a point following the second inflection point by half the
distance between the inflection points; and is zero for all other points.
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Condition 2—The summation of the differences of the light inten-
sities along the transitions is zero, over the range where the weighting
factor is not zevo.

According to the generalized statement, the linear transition E in
Figure 19 is visually equivalent to the transition 4. In this and other
cases, it is convenient to consider the vertical dimensions J of the
difference areas C, D), F, etc., as positive when A4 is above E and nega-

.tive when A is below E. Then, if these dimensions are multiplied by
the corresponding ordinates of the weighting curve N and plotted as
at V, the positive and negative areas C’, D', E’, etc., are formed. Con-
dition 1 is fulfilled if the algebraic sum of these areas C’, I, F”, etc.,

100
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olBLack pa L DISTANCE -—=
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Fig. 19—Linear transition E is equivalent to A. By condition 2, the alge-
braic sum of areas C, D, F, G, H, and I is zero. By condition 1, the sum of
weighted areas C, D, F', etc., shown at C’, D', F”, ete., is zero.

equals zero. Condition 2 simply requires that the algebraic sum of the
positive and negative areas C, D, F, etc., equals zero.

The location of a line E that fulfills the two conditions for a par-
ticular nonuniform transition is obtained by a trial-and-error method.
The equivalent blur is indicated as the distance B. Each trial curve £
requires a different weighting curve N since the weighting curve is
itself defined by the equivalent linear-transition curve. Such a pro-
cedure would appear to be laborious since the line £ has two variable
characteristics, slope and position. However, the number of trials
required is much reduced by the knowledge that for small changes of
slope of line E only condition 1 is affected and for small changes of
position only condition 2 is affected.
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Although the generalized statement for defining a linear transition
which is visually equivalent to a nonlinear transition is essentially
empirical, the conditions appear to be consistent with observed prop-
erties of the eye. It is well known that the eye responds to a surface
consisting of many tiny, uniformly distributed white dots on a black
background (or black dots on a white background) as though the sur-
face were uniformly white but the illumination reduced so that the
total reflected light is the same. In other words, the eye responds to
the average!® brightness or to the total brightness. Condition 2 is con-
sistent with this observation in that it requires equality of the total
amount of light of the equivalent transition and the nonlinear transi-
tion.
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Fig. 20—Actual transitions are shown in solid lines and equivalent linear
transitions are shown in dotted lines.

The plausibility of condition 1 may be established by using the
simple transitions of Figure 20 to illustrate some basic factors which
affect apparent steepness. Figure 20(a) represents a linear change
from black to white or from any half tone to another half tone. The
blur by our definition is the distance B. Now assume that an extra
amount of light is added near the second inflection point as shown in
Figure 20(b). As a result, the transition has been made effectively
steeper so that the equivalent linear transition must also be made
steeper as shown by the dotted line.

If the light were added near the first inflection point as shown in

10 The eye also responds to the average brightness of a rapidly flickering
source.
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Figure 20(c), it is apparent that the transition would be less steep as
indicated by the dotted linear transition. From these two observations,
it is plausible that the addition of light at the middle of the transition
as in Figure 20(d) would not alter the effective steepness. The equiva-
lent linear transition, however, would be displaced to the left as
required by condition 2.

If light were added at a point considerably ahead of the first inflec-
tion point of the linear transition or considerably after the second
inflection point, it is reasonable that the effect on the steepness would
be less than if the light were added near the inflection points.

Let us refer back to the example of Figure 19 in which curve E is
assumed to be the visual equivalent of the curve A. Obviously, E is
identical to curve A except for the difference areas C, D, G, ete. Some
of the areas such as C and H render curve 4 effectively steeper than
the equivalent curve but other areas such as D and G detract from the
steepness of curve A.

If curve E is to be the equivalent of curve A4, the algebraic sum of
the effects of all the aiding difference areas C, H, etc., must be canceled
by the opposing areas. Condition 1 states this requirement and pro-
vides a weighting factor for determining the effectiveness of each
difference area resulting from its location, as discussed in connection
with Figure 20.

A linear weighting curve has been taken arbitrarily due to the
absence of evidence which would point to a specific form for the curve.
A linear variation is simple and may also be considered as a mean
between the various possible concave and convex forms.

It should be noted especially that in the application of the general-
ized statement to transitions which have appreciable irregularities in
the region in which the weighting curve is zero (beyond Y), the
irregularities are not included in the equivalent blur. As shown in
Figure 19, the equivalent curve may be continued through Z to the
actual curve 4. It should be noted also that the equivalent transition
defined by the statement is intended to be equivalent only when viewed
at a distance for which the nonlinear transition is indistinguishable
from a linear equivalent transition. At such a distance, a very definite
blur may be visible without the shape of the transition being dis-
cernible,

The observations made in the several paragraphs above lend sup-
port to the concept of an equivalent linear blur but obviously do not
place the concept on a firm physical basis. Furthermore, the physical
accuracy of the particular conditions set forth in the generalized state-
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ment have not been established because of inadequate knowledge of the
eye and brain. However, actual viewing tests with specific transitions
lead us to believe that the application of the generalized statement is
sufficiently accurate to serve a useful purpose for the evaluation of the
transitions found in television.

The authors feel that such a measure of blur also can have utility
in specifying the quality of many other devices related to vision, such
as lens system, photographic film and processes, facsimile transmission,
printing, duplicating processes, and paper.

V. APPLICATION OF SQUARE-WAVE METHODS IN TELEVISION

Square-wave and sine-wave measurements should be mutual aids in
the solution of many television problems. In some instances, a square-
wave measurement may furnish the data for analysis into amplitude
and delay characteristics. In others, the evaluation of blur is indicated.
In some applications, sine-wave measurement and synthesis of the
square-wave response may be indicated, followed perhaps by evalua-
tion. Most applications will not require the use of all three processes
of square-wave treatment.

We know no simple satisfactory method of judging the degree of
fidelity of a television system from inspection of the sine-wave charac-
teristics. If the square-wave response of the system cannot be secured
experimentally, resort must be had to synthesis from amplitude and
phase data. However, acceptable tolerances in terms of sine-wave per-
formance may be more easily determined when the amplitude and phase
characteristics corresponding to a large variety of transient-response
curves have been determined and cataloged.

In design work in which the characteristics of television apparatus
must be determined by calculation based on circuit constants, synthesis
from the sine-wave characteristics probably constitutes the only
feasible means for obtaining the square-wave response. When the
apparatus is susceptible to experimental test, the most expeditious
method is direct measurement of the square-wave response by oscillo-
graphic equipment such as described in a companion paper.® An anal-
ysis for amplitude and phase characteristics may then be performed
in order to facilitate the design of equalizing networks if required or
for any other purpose. In this connection it is significant that the
experimental difficulty of phase measurements of extensive apparatus
such as a complete television system including transmitter and receiver
by sine-wave methods is usually so great that the attempt is not often
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made.'> 2 Notwithstanding, a reasonably linear phase shift is con-
ceded to rank with amplitude uniformity in importance. The extreme
ease with which square-wave response can be recorded with suitable
equipment has been pointed out in the companion paper. The analysis
of the response for delay versus frequency through the use of charts
is simple and immediate.

In particular cases, square-wave measurements may provide useful
data which are almost impossible to obtain by sine-wave measurements
and synthesis. An example is the modulation amplifier of a television
transmitter in which the output impedance may be relatively high at
low frequencies, in order to permit a high output voltage, and rela-
tively low at high frequencies such that the frequency fidelity of the
stage alone is poor. Adequate equalization may be ingerted in earlier
stages of the system but high-frequency components may be saturated
at high levels. A sine-wave characteristic of the entire amplifier taken
at a low level for which saturation is negligible would indicate high
fidelity. It would be almost impossible to synthesize from the low-level
sine-wave data the transient response for a high level corresponding to
conditions occurring in common use. Square-wave oscillographic tests,
however, would indicate the transient response corresponding to any
desired level. An evaluation of the square-wave response for the pur-
pose of finding the blur corresponding to various levels would be
significant but a determination of the sine-wave response at levels
where saturation exists would have no meaning in the usual sense.

In general, square-wave methods have greatest usefulness (as com-
pared with sine-wave methods) in dealing with performance of units
which are likely to contribute a substantial amount of the distortion
in the transmission characteristic of the system. Included in this
classification are entire transmitters, entire receivers, long transmis-
sion lines, pickup chains, and any single amplifier stages which may
be regarded as “bottleneck” stages. It would be rather pointless to
find the square-wave response and the equivalent blur of a single stage
of a video voltage amplifier of good fidelity in a system in which many
similar stages exist. Usually the distortion of a single stage is so
small that only the accumulated effect of several stages is clearly evi-
dent in the over-all square-wave response. The writers are not aware
of the existence of a practicable method of combining the individual

1 B. D. Loughlin, “A Phase Curve Tracer for Television”, Proc. I.R.E.,
Vol. 29, pp. 107-115; March, 1941. Loughlin describes apparatus which
furnishes a direct plot of phase versus frequency on the sereen of a cathode-
ray tube. The complexity of the apparatus may limit its general utility.

12 M. E. Strieby and J. F. Wentz, “Television Transmission Over Wire
Lines”, Bell Sys. Tech. Jour., Vol. 20, pp. 62-81; January, 1941.
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square-wave response of two or more units for the purpose of finding
the over-all square-wave response. Even if a ‘feasible method should
exist, the experimental errors involved in many individual measure-
ments would jeopardize the dependability of the calculated over-all
response.

If units of good fidelity must be considered individually, it becomes
expedient to determine first the sine-wave characteristics and then to
combine the sine-wave characteristics so that a synthesis of the over-
all square-wave response may be performed.

The accuracy of square-wave methods is more than adequate to
reveal those imperfections of transmission which cause discernible
effects in a television picture. Therefore, the authors hope that this
paper will be a contribution to the general problem of working out
electrical specifications for television transmitters and other television
apparatus, giving information regarding the steepness of rise and the
amplitude of over-swing of the square-wave response.

APPENDIX I

ANALYSIS OF SQUARE-WAVE RESPONSE

Let the square-wave response be approximated by a stepped wave f
as shown in Figure 1. The kth step may be approximated by the series

1 2 5 1
Ak - + _ E - Sin nwh (t - T"') (3)
2 = ln

where N is very large.

The sum of M steps leads to the following expression for the stepped
wave

u Am 2 oy v 1
S —+— 3 A, S —8innaw, -1, | (4)

m=1 2 T m=—1 n=1 g

The constant term in (3) is not of interest. If the order of summation
of the second term is reversed, there results

2 5 1
- %. - % I—AmSinn‘“o (t—Tm>] (5)

T n=1 g4 m: 1

The inner sum written for some specific value of n as N, is the total
N,th harmonic content of the stepped wave. That is,
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21 y
EN1:—"“— E AmSianwo(t—Tm)
,an m=1
(6)
21
:—-—BNISian“’o (t_tN1)'
7TN1

Since the input square-wave signal may be approximated by the form

1 2 54 1
—+— 3 —sinne,t
2 wTr=lg

it follows that the N; component of the input is

I
@

(a) Compensated resistance- (b) Equivalent circuit for

capacitance amplifier. high frequencies.
Fig. 21
21
— —s8in Nlmut.
T N;

The amplitude response of the circuit is, therefore, By, and the
time delay is Ty;. These two quantities may be found graphically as
indicated in Figure 1(a) and (b).

Since o, may be allowed to approach zero, it follows that reference
to a fundamental frequency is not required and the amplitude and
phase corresponding to any frequency may be found.

APPENDIX II
THE COMPENSATED RESISTANCE-CAPACITANCE AMPLIFIER

A schematic diagram of the amplifier appears in Figure 21. When
R,>>Z (L, C, R) the response of the equivalent circuit to a unit funec-
tion is expressed by the following equation:
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vk
e=}—— [1—e—mrKt{4 sin (@t + ¢) + Bisin (¢t + B}]
14
in which
t = time Q= 27fy, V1 —K*/4
fo=1/@nVLC) B= P!+ N*
A= V14 M 1
¢ =tan—!—
K = 2=f,RC
—3+3K*—K*/2 N
M= B=tan—1!-—
4K (1 — K?/4)3%?
mfo (K*—1) 7fo (8 — K?)
KvT—R5T oK (1 —K%/4)
The amplitude response is
T 1+BYK:
amplltude————
B2K? 4+ (B*—1)*
delay = ~—tan—1 (1—K*—B*)B/K

2nf
in which
f = frequency

B = f/fo
K = 2xf,RC.

APPENDIX III

RELATION BETWEEN SQUARE-WAVE ANALYSIS AND
FOURIER ANALYSIS

Assume that the response of a linear electrical network to a unit
function is represented by e;(¢) in Figure 22(a). The response e, (%)
of the same circuit to a square pulse At seconds long is found by shift-
ing e, (t) to the right along the time axis by an amount At and sub-
tracting the result from e, () that is, e, (f) = e, () —e, (¢ + AY). If
the condition is imposed that e;(t) =1 for ¢ = ¢,, then e,(¢f) =0 for
t= (t, + Al).
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It is clear that the waveform of the response e;(t) of the same
circuit to the periodic pulse wave of Figure 22(b) is given for each
cycle by ey (t) if Ty = (t, + At). Hence, the coefficients of the Fourier
series written for e,(t) may be expressed in terms of the ordinate
readings of e, (¢) taken at successive equal time intervals. Thus

e3(t) = ay + ay cos 2nfot + -+ + @, cos K2nfyt + - - -
n

+ @y 5 08 — 27fot + by sin 2xf t + - - -
2

+ b, sin K2xfyt + - - -

n
+ (ns2)—18in <*“1> 2nfot
2

TIME —e

Fig. 22—Fourier analysis applied to the response of a circuit to a square
pulse compared with square-wave analysis applied to the response to a
unit function. i

where
a, = 2Atfo[ (¥ — yy) cos K2nAtf,
+ (ys — Y1) cos Kdaptfy + -+
+ (Y —Yq—1) cos K@2nAtf,]

=2Atf,A
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and

b, = 2Atf o[ (yy — yo) sin K2nAtf,

+ (¥, —yy) sin Kd=ntfy + - -

+ (Yg— Yq_1) sin k2mAtf,)
= 2AtfyB-

The Fourier series for F,(f) is

T 2 1 At

Ey() = — + =~ — sin Kr — cos 2nKf -
At T k T
16
o /LY
%- 20-MC co*ry /
=14
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Fig. 23-—Conversion factor for obtaining Fourier analysis from square-wave
analysis. C times amplitude according to square-wave analysis equals

amplitude according to Fourier analysis.

Hence, the amplitude characteristic of the circuit is given by

T AtKf,
R(K, f,) = — VA + B?
sin 7AtKf

Timit ‘n'Al‘f Timit — 5
or fﬂ_)OR(va()):R(f) - fn_>0\/ '+B“

sin 7 Atf

and the delay characteristic is given by
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limit 9(K: fO) 1 B
fo>0—=—tan—-1—,
2nf 2nf A

Now VAZ F B is the same expression which is obtained for the ampli-
tude characteristic by the graphical method of square-wave analysis.
Hence, wAtf/sin wAtf may be regarded as the conversion factor which
converts square-wave analysis into Fourier analysis when latter is
based on the square pulse.

The magnitude of the conversion factor is shown in Figure 23. It
may be concluded that for most applications of square-wave analysis
in television, the conversion factor may be taken equal to 1. The delay
characteristics as determined by square-wave analysis and Fourier
analysis are identical.
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TRANSMISSION OF TELEVISION SOUND ON THE
PICTURE CARRIER*}

By

GORDON L. FREDENDALL, KURT SCHLESINGER} AND A. C. SCHROEDER

Research Departiment. RCA Laboratories Division.
Princeton. N. J.

Summary—Several pulse methods for the transmission of television
sound on the picture carrier during the line-blanking intervals are analyzed
from the points of view of signal-to-noise ratio, audio fidelity, and trans-
mitter and receiver design.

The advantages of duplex transmission are: (1) elimination of a
separate sound transmitter; (2) elimination of the ambiguity and difficulty
which may occur when a standard frequency-modulated sound signal is
tuned in; (3) freedom of the audio output from the type of distortion which
ocecurs in frequency-modulated receivers as a consequence of excessive drift
of the frequency of the local oscillator; and (4) improvement of the phase
churacteristic of the picture intermediate-frequency amplifier resulting from
elimination of trap circuits.

The highest audio-modulation frequency in duplex systems must not
cxceed one half of the line-scanning frequency. This is a disadvantage
under the present television stundards which specify a line frequency of
15,750 cycles per second.

With the exception of pulsed frequency modulation, the signul-to-noise
ratios of sound in duplex systems are not so great as the ratio offered by
the transmission of a standard frequency-modulated carrier. The comparison
is subject to the condition that the amplitude of the frequency-modulated
carrier is 0.7 of the peak amplitude of the duplex carrier. The signal-to-
noise ratio of a pulsed frequency-modulated signal may equal the ratio of a
standard frequency-modulated signal up to a critical distance from the
transmitter, but is less at greater distance.

INTRODUCTION

accompaniment for television may be transmitted by a modula-

tion of the picture carrier during the line-blanking intervals when
no picture detail is transmitted. Improved reception of picture and
sound, decreased investment in receivers and transmitters, and greater
channel width for the picture signal are mentioned as possibilities of a
“duplex” transmission of picture and sound. The purpose of this paper
is to assist engineers in their evaluation of duplex transmission as a

FROM time to time, proposals have been made that the sound

* Decimal classification: R583.

+ Reprinted from Proc. I.R.E., February, 1946.

1 Columbia Broadcasting System, New York, N. Y. Work covered in
this paper was done while the author was a member of RCA Laboratories,
Purdue University, Lafayette, Ind.
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practicable system by offering an analysis of several methods of
duplexing.

A review of the method of sound transmission and reception in use
is helpful as a setting for the discussion. In the present arrangement,
sound is transmitted by a frequency-modulated sound transmitter oper-
ating on a carrier frequency which is 4.5 megacycles above the picture
carrier. At the position of the sound carrier, the recommended stand-
ards! state that the field strength of the picture sidebands shall not
exceed 0.0005 of the picture carrier. There is essentially nothing at
the transmitting point to distinguish a television sound transmitter
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PFig. 1—Television synchronizing wave form.

from a conventional frequency-modulation transmitter designed for
operation in the frequency-modulation band. The sound receiver is
likewise conventional and may share only the same heterodyne oscil-
lator with the picture receiver.?

The picture transmitter is amplitude-modulated and radiates a
wave form illustrated by Figure 1. Picture content is transmitted

1 Final report of the Radio Technical Planning Board.

2In some designs, the sound and picture signals are amplified at inter-
mediate frequency in one or more common stages before branching off into
separate intermediate-frequency amplifiers occurs.
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during about 85 per cent of the total “time on the air.” No picture
detail is transmitted during the blanking intervals of the scanning
tubes in the transmitter and receiver. Such “idle” intervals amount to
about 15 per cent of the total time.

Proposals® ¢ for duplexing have been directed, therefore, toward
the utilization of some part of the blanking interval for sound trans-
mission. Thus the television transmitter would be converted into a
picture-sound duplex transmitter which radiates picture intelligence
during 85 per cent of the time and sound intelligence during some part
of the remaining 15 per cent, using only one antenna and one radio-
frequency power amplifier. There would be a synchronized electronic
switch in the receiver for the opening of the sound channel to the
video signal sometime during the blanking interval.

Factors which are involved in a comparison of duplex methods and
the present method of continuous transmission of sound are the follow-
ing: (1) audio fidelity; (2) signal-to-noise ratio; (3) amount of inter-
action between video and audio signals; (4) permanency of receiver
alignment; (5) picture quality; (6) ease of receiver tuning; (7) cost
of receiver; (8) cost of transmitter.

Certain advantages and disadvantages of a duplex system may be
predicted in advance of a theoretical and experimental analysis. First,
there is no separate sound transmitter and antenna. This economic
advantage can not be accorded much weight unless there is a resultant
economy in the television receiver because the ratio of receivers to
transmitters is so great that the economics of the receiver is the con-
trolling factor.

A significant advantage of a duplex receiver is the freedom of the
audio output from the type of distortion which occurs in frequency-
modulation receivers as a consequence of excessive drift of the fre-
quency of the local oscillator. Audio modulation is conveyed in a duplex
system by the envelope of a radio-frequency carrier and is relatively
unaffected by instability of the local oscillator.

Sound-rejector circuits in the picture intermediate-frequency ampli-
fier can be removed with a resulting reduction in phase distortion and
some improvement in picture quality.

The ambiguity involved in tuning-in a conventional frequency-
modulation signal is removed. In the present system a choice must be

8 H. E. Kallman, “Audio and video on a single carrier”, Electronics, vol.
14, pp. 39-42; May, 1941.

. *Numerous patents including: U. S. patents, No. 1,655,543, R. A.
Heising; No. 1,887,237, J. L. Finch; No. 2,061,734, R. D. Kell; No. 2,083,245,
H. Shore and J. N. Whittaker; No. 2,086,918, D. G. C. Luck; No. 2,089,639,
A. V. Bedford; No. 2,227,108, H. A. Rosenstein; No. 2,257,562, H. Branson;
No. 20,1563, E. F. W. Alexanderson (reissue).
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made of tuning for minimum interference in the picture or minimum
noise in the sound in receivers which are somewhat misaligned.

There is also available a small extension of the video band into the
space now assigned as a guard band for the sound; this amounts to
about one quarter of a megacycle.

It may be anticipated that the signal-to-noise ratio with duplex
sound would be unfavorable as a consequence of the reduced time for
transmission of sound. This is a serious obstacle in some duplex sys-
tems. A further limitation is the imposition of a maximum audio fre-
quency that may be transmitted without the introduction of spurious
frequencies into the audio spectrum. This restriction has been noted
before in pulse transmission of sound. Finally, there is the complica-
tion of synchronizing the electronic sound selector in the receiver with
the line-scanning frequency.

@ _]] I 1 I

Fig. 2—Amplitude-modulated duplex wave forms.
(A) pulse carrier
(B) audio wave form M(t) and amplitude-modulated pulse carrier
(C) amplitude-modulated pulses combined with television wave form

DUPLEX METHODS

1. Awmplitude-Modulated Pulses

One of the most obvious duplex systems is the modulation of the
amplitude of a rectangular pulse wave in accordance with the audio
signal and the insertion of the modulated pulses in the line-blanking
interval of the video signal. Figure 2 illustrates the successive steps
at the transmitter. The pulse wave form shown in (A) of Figure 2
is amplitude modulated by the audio signal M (¢), as illustrated in (B).
In (C) the modulated pulses have been inserted in the part of the
blanking interval following the synchronizing pulse. Such a composite
wave would be applied as modulation of the picture carrier.

If it is granted that the synchronized electronic switch in the
receiver is able to select the pulses from blanking so that the pulse
wave in Figure 2(B) is recovered, the audio fidelity of the duplex
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system can be found from the solution for the frequency components
of (B). An analysis shows that the spectrum consists of the applied
audio-modulation frequency f, and a large number of sidebands
(fox7fo), 2f.xfo) Bfoxfy) -+ (nf, % fy) in which £, is the funda-
mental frequency (line frequency) of the pulse wave.* The amplitude
of each group obeys the damped sine-wave law sin nnr/n where n is the
order of the sideband and r is the ratio of the width of the pulse to
the fundamental period. In a television application, r could not exceed
about 0.06 and hence the amplitude factor, sin nwxr/n changes slowly.
When f, exceeds 1/2f,, there is overlapping of the first-order lower
sideband and the audio-frequency component, as well as general over-
lapping of adjacent sidebands of higher order. We do not have knowl-
edge of any detector whereby an undistorted audio signal can be recov-
ered from this multiplicity of overlapping sidebands. However, if the
frequency of the audio modulation is restricted by a low-pass filter at
the transmitter to less than one half the fundamental pulse frequency,
this confusion is avoided. A similar filter must be installed in the
receiver for the rejection of frequencies above f./2. Such a low-pass
filter in the receiver functions as a distortionless detector of the audio
modulation. Therefore, the theoretical upper limit of the audio band-
width is equal to one-half of line frequency, or 7875 cycles with the
present standards.

Vertically scanned pictures would allow a greater maximum audio
frequency of 4/8 X 7875, or 10,500 cycles.® However, it has been
observed in laboratory tests that moving subjects scanned vertically
with an interlaced pattern do not, in general, reproduce with as much
detail as horizontally scanned subjects. This is due, probably, to the
predominance of horizontal motion in average subject matter. Hence,
it appears that vertical scanning must be rejected as a means of in-
creasing the maximum audio frequency. )

The most promising way of increasing the upper audio limit in a
monochrome system is an increase in the video bandwidth. The two
quantities are related by the formula’

fa:Kl \/Tv (1)

in which
f« = maximum audio frequency

5 Appendix I.

® The line frequeney in a vertical scanning system is 4/3 the line
f§eguen§y of the standard horizontal scanning system with an aspect ratio
0 to 3.

7 Appendix II.
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f, = video bandwidth

K, = a constant.

Figure 3 shows the correlation between sound band, video band,
and number of lines for monochrome and color transmissions. The
latter is assumed to be a sequential tricolor system with an interlace
ratio of 2:1 and a color-field frequency of 120 cycles.® For a given
video bandwidth, the quality of duplex sound in terms of audio band-
width may be made 1.4 times better for color than for monochrome
television. Thus, high-fidelity sound (11,000 cycles) may be duplexed
along with a color picture of about 360 lines over a video channel of
4 megacycles, while a monochrome picture of 525 lines, which occupies
the same video band, accommodates only about 7800 cycles. A maxi-
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Fig. 3—Maximum audio frequency versus video bandwidth
and number of lines.

mum audio frequency of 11,000 cycles would require over 700 lines in
a monochrome system.

The corresponding radio-frequency channel in all cases is approxi-
mately 30 per cent greater than the video bandwidth as a consequence
of the additional space required by the vestigial sideband.

A proposal for sound transmission has been disclosed which removes
the limitation on the maximum audio frequency of one-half line fre-
quency.® In effect, the system provides for the modulation of a rec-
tangular pulse carrier of two times line frequency and the subsequent
delay of alternate pulses to a time position which permits transmission
of pairs of pulses during horizontal blanking time. At the receiving

8 P. C. Goldmark, J. N. Dyer, E. R. Piore, and J. M. Hollywood, “Color
television”, Proc. I.R.E., vol. 30, pp. 162-182; April, 1942.
9 A. V. Bedford, U. S. Patent No. 2,089,639.
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point, the previously undelayed pulses are delayed before detection, thus
restoring the modulated pulse signal to its original form as a wave of
double line frequency. The maximum audio frequency has thereby
been increased to line frequency. This system, however, does not appear
to be economically feasible from the point of view of receiver design
at the present time.
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Modulation f3 N fa PALI a2
Amplitude- | 3y2y7 P 3vZyr K K
Modulated _— None - -— | 0.003 — None
Pulses 4vfa N 4/ Nfa d* a
Symmetrical 3w P 4w 3w K K
Width-Modu- —— == _Zjooiz—| 62
lated Pulses 2sVfs N ts s Vv d? a
Dissymetrical 3w P 442w 3w K K
Width-Modu- — 2| 0.016 — 87
lated Pulses 2t Nfs N ts V2t Nfo at a2
fa =150 | fg=150
o . kilocycles| kilocycles
Pulses of 3V6Nrfa P| _ _ (fa\¥3V6rfz K
Frequency —_—— — | VoV — ——— —| 0.052 — 107
Modulation 8f,%'2 N fa 8fa32 d? dz
fa=1200 | f1=1200
. - kilocycles| kilocycles
Pulses of 3V6Vrfa P| _ _ sfa\Y3V6vrfs K <
Frequency —_—— —| Vo yr | — —_— —| 0.417 — 2420
Modulation 8f,¥'2 N fa AL d? d?

The signal-to-noise formulas in columns (1), (3). and (4) of the table for standard
frequency modulation. width-modulated pulses, and pulses of frequency modulation
during postblanking, are valid only for ratios higher than the critical ratio since the
formulas are derived with the assumption that noise limiting is effective. Thusit
may appear, with only a casual reading of the table, that the ratio is alwa‘s the
same for standard frequency modulation and pulses of frequency modulation
f4 =1200 kilocycles. The fact is that the two types of transmission yield equal signal-
to-noise ratios only when the critical ratio for pulses of frequency modulation is
exceeded. At greater distances from the transmitter standard frequency modulation
is superior.

Values of constants: f; =7500 cycles per second; r =0.06; w/{, =15.4; fy =4 X108
cycles per second.

Success or failure of a method of transmission often rests on the
degree of immunity to noise. The signal-to-noise ratios appearing in
Table I provide a direct comparison of amplitude-modulation pulse
transmission and other systems. Comments on the significance of the
ratios, and the bearing on modulated pulses as an audio service for
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television are made later. It is clear that the amplitude-modulation
pulses suffer a disadvantage in that superimposed noise cannot be
reduced by amplitude limiting to the extent possible in certain other
systems.

2. Width-Modulated Rectangular Pulses

A more promising form of pulse modulation, from the standpoint
of signal-to-noise ratio, is a constant-amplitude pulse system wherein
the width of a pulse is proportional to the amplitude of the audio
signal. Two examples of width-modulated signals are illustrated in
Figure 4(B) and (C). In type (1), a dissymmetrical modulation, the
leading edges of the pulses occur periodically, but the widths are pro-

M (L)

’ , (A>\//\

|

]

!

! TYPE {1}
(® H

1

|

|
|
1
|
TYPE(?)
ol |

HIM‘M,ILKFH

Fig. 4 —Width-modulated duplex wave forms.
(A) audio modulation M(t)
(B) pulse carrier dissymmetrically width-modulated by M(t)—
type (1
(C) pulse carrier symmetrlcally width-modulated by M(t)—type (2)
(D) combination of type (2) and television wave form

portional to the instantaneous amplitude of the audio signal M (¢) at
the instant of the leading edge: that is, only the trailing edge is “modu-
lated.” Type (2) is a symmetrical modulation, the width of a pulse
being proportional to the instantaneous amplitude at the instant corre-
sponding to the center line of the unmodulated pulse. The center lines
are periodically spaced; thus, both leading and trailing edges of type
(2) are modulated. Such pulse waves may be inverted in polarity and
combined with the standard television wave form as shown in Figure
4(D) for type (2) modulation. Any amplitude variation of the pulse
due to noise may be removed by limiting in the receiver following
separation of the pulse from the video signal if the peak noise does not
exceed one half of the pulse amplitude.

Equation (28) in Appendix III is the expression for a pulse wave
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width-modulated in the symmetrical manner (type 2) by a sine wave.
The similarity to standard frequency modulation is noticeable in the
sequence of sidebands which are generated. Thus when a pulse carrier
of fundamental frequency f, is width-modulated at a rate of fo cycles
per second, the resultant wave contains component frequencies for
(fe+ o) (Ffo—1Fo), (Fo+2fo), (f.—2fy), ete., as well as correspond-
ing sidebands for each harmonic of the fundamental f,; namely 2f,,
@fc + fo)s f,—fo), (2f,+ 2fy), (2f, — 2fo), ete. In addition, the
frequency terms containing only the modulating frequency fo and its
harmonics 2f,, 3f, etc. appear. The general term is (Mf, = Nfy)

£ TYPES (1) AND (2) (fc-fa)

- - —
~| -
- -

//nm TYPE () (fe-2F0).

k < TYPE(2) 20

> - TYPE(R) ($c-240) -
~

‘k TYPE (2) 3fe
~
1~

o

>

AMPLITUDE OF COMPONENT/AMPLITUDE OF fq

o TYPE (2) (fc - 312)
4

0.2 o4 o.6

fc /fe

Fig. 5—Frequency components resulting from width modulation of a
pulse carrier wave by a sine wave.
Type (1) == dissymmetrical modulation
Type (2) = symmétrical modulation
fe =pulse frequency f, = modulating frequency

TYPE (2) 4f0

where M and N are positive integers or zero.

Since overlapping of f, and the sideband (f.—f,) must be pre-
vented, the modulating frequency should not exceed fo/2. At the re-
ceiving end, the modulated pulse-signal may be applied to a low-pass
filter which rejects all sidebands and harmonics exceeding one half the
frequency of the fundamental f,. However, all distortion terms are not
thereby excluded; harmonics of fo and the sidebands of higher order
(fe—2fy), (f. — 8f,), may fall within the pass band. The magnitudes
of the most important distortion terms in (28) have been plotted in
Figure 5. The modulation constant « was taken equal to 1, the value
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corresponding to maximum modulation. A value of 3 per cent was
assigned to w, the unmodulated pulse width. Therefore, the widths of
the pulses in the modulated wave vary from 0 to 6 per cent of the
period of the carrier. This is substantially the maximum variation
under the specifications given for the television synchronizing wave
form (Figure 1). The broken-line portion'of a curve indicates the
range of the component which is suppressed by the low-pass filter in
the receiver. Thus the component (f,— 2f,) is suppressed for the
range f, < f./4 but is transmitted when f, > f,/4. In a reverse man-
ner the component 2f, is transmitted when f, < f,/4 and suppressed
when f, > f,/4. The maximum value attained by either component is
approximately 0.05 per cent of the amplitude of the audio component f,.

OUTPUT
MIXER™I

i
u

.
'
ouTRUT i
Lmnn"gt ; N L
K ; : ,,
ouUTPUT I
LIMITER™Z L I 41LL
! + +
i " ] ' u
!

ouTPUT f i ]
MIXER"Z { I I\> ;
SPECIAL
VERTICAL SYNC. SLOTTING
(B) GENERATION OF WIDTH-MODULATED PULSE

Fig. 6—Width-modulated duplex-system transmitter.

An analysis of a dissymmetrical width-modulated pulse wave (Ap-
pendix III, equation (81)) displays the same general characteristics
as the symmetrical modulation. Harmonics of the audio frequency, as
well as numerous sidebands, are present, but the magnitudes shown in
Figure 5 are greater than in type (2) modulation. The largest con-
tribution of any distortion term is 2.5 per cent.

Signal-to-noise ratios calculated according to the derivations in
Appendix IV appear in Table I and Figure 15. _

Figure 6 (A) illustrates one method for the production of dissym-
metrical width-modulated pulses. The starting point is a wave of
narrow triangular pulses (Figure 6 (B)) which is derived from driving
pulses at line frequency normally generated by the synchronizing gen-
erator. To the triangular pulses is added the audio signal from which
the frequency components higher than one-half the line frequency have

www.americanradiohistorv.com


www.americanradiohistory.com

TELEVISION SOUND TRANSMISSION 157

been removed by a low-pass filter. Limiter No. 1 removes the audio
wave below the base line as shown in Figure 6(B). The residue is
greatly amplified and then acted upon by limiter No. 2, with the result
that width-modulated pulses of substantially rectangular shape are
produced. These are inserted in the line-blanking interval following
the synchronizing pulse (postblanking). The standard field synchroniz-
ing pulse must be slotted down to black level during the line pulses,
as shown in Figure 6(B), in order that the width-modulated pulses
when applied may extend to white level. The combined video signal is
applied to the picture transmitter in the customary manner.

Figure 7(A) illustrates the functiona.I arrangement of the receiver.
The selection of the width-modulated pulses from the video signal and
rejection of picture components is performed by an electronic switch,

ELECTRONIC
SWITCH

TIMING FRGM »{_'-'_-
LNE SCANNING [muLTr- | W[L--
c.msnnon"“
=
DUPLEX )
VIDEO SIGNAL

Louo
SPEAKER

AUTOMATIC]
SQUELCH

(A) DUPLEX RECEIVER

i
I
GRID ) |

QuUTPUT t

(B) [OPERATION OF ELECTRONIC SwiTCH

Fig. T—Width-modulated duplex system. Type (1) receiver.

usually a vacuum tube having two control grids. A keying pulse
originating in a multivibrator which is synchronized by the line-
scanning circuit is impressed on grid 1 of the switch. The width and
timing of the pulse is critical for the most favorable signal-to-noise
ratio. The duplex video applied to grid 3 causes plate current to flow
only when the tube is keyed on. In this way the width-modulated pulses
are isolated.

Amplitude noise is removed by limiting if the peak noise does not
exceed one-half of the pulse amplitude but the variation of the pulse
width due to-noise is not removable. Such variation constitutes a width
modulation and is reproduced as audible noise. When the synchroniza-
tion of the receiver is impaired by noise, the timing of the switch is
likewise affected, and parts of blanking and picture may be admitted
into the audio amplifier and appear as noise in the loud speaker. There
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is a marked increase in the immunity of the system to noise if the
receiver is synchronized by automatic frequency control.1

Audio components in excess of one-half line frequency are removed
by a low-pass filter.

Additional kinescope blanking must be provided in the receiver
since the duplex signal extends to white level during the sound pulse.
In Figure 7(A) blanking is derived from the multivibrator simultane-
ously with the keying pulses. ‘

Means for excluding signal from the audio circuits when the re-
ceiver is not in synchronism is very desirable. Without such a device,
video components are admitted to the audio system with an annoying
audible result. A circuit may be devised which is sensitive to the
changed character of the signal passed by the electronic switch during
intervals of missynchronization and applies a bias beyond cutoff to
the audio amplifier.

In September, 1943, television signals containing width-modulated
pulses of the dissymmetrical type were transmitted by television station
WNBT, and successfully received in Princeton, New Jersey, using the
system outlined above.

3. Pulse Time Modulation

Another form of modulation known as “pulse time modulation” is
related to width modulation.!! In pulse time modulation the pulse
amplitude and width remain constant, but the time interval between
successive pulses is varied in accordance with the instantaneous ampli-
tude of the audio signal and the rate of this variation corresponds to
the instantaneous frequency of the signal. Such a pulse wave may be
regarded as the sum of two width-modulated pulse waves of the dis-
symmetrical type of opposite polarities as illustrated in Figure 17.
The frequency components of the pulse time wave are therefore solv-
able from (31).

4. Pulsed Frequency Modulation

In contrast with the foregoing duplex methods involving rectangu-
lar pulses for the transmission of sound during the line-blanking
interval, there is a method which may be called “pulsed frequency
modulation,” that employs wave bursts of a frequency-modulated sub-
carrier for the same purpose. The bursts are generated at the trans-

10 K. R. Wendt and G. L. Fredendall, “Automatic frequency and phase
control of synchronization in television receivers”, Proc. I.R.E., vol. 81, pp.
7-15; January, 1943.

11 E, M. Deloraine and Emil Labin, “Pulse time modulation”, Elec.
Commun., vol. 22, pp. 91-98; 1944,
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mitter by a sine-wave oscillator which is operative only during line
blanking and is frequency modulated by the audio signal during this
interval. The center frequency and deviation are chosen so that the
essential sidebands lie within the video band. These subcarrier bursts
are combined with the video wave form as modulation of either the
line synchronizing pulses or the post-blanking (Figure 8). From the
point of view of signal-to-noise ratio, Figure 8(B) is preferable. In
either case, the composite signal is applied as amplitude modulation
of the radio-frequency carrier.

In the receiver, the bursts are first isolated at the video level from
the picture part of the composite wave, then amplitude limited for
removal of noise, and finally applied to a conventional balanced fre-
quency-modulation discriminator centered at the frequency of the sub-
carrier. The output of the discriminator is an amplitude-modulated
pulse wave. The audio signal is derived from the pulse output of the
discriminator by removing all components in excess of one-half line

Fig. 8&—Pulsed frequency-modulation duplex wave forms.
(A) in synchronizing pulse (B) in post blanking

frequency with a low-pass filter.

As the result of experimental and theoretical work with pulsed
frequency modulation, certain features of the technique were discov-
ered which could escape a casual study. Such matters are treated in
the following discussion.

A. Transient response of pulsed frequency-modulated circuits: 1f
a pulsed frequency-modulated system is to function properly, the peak
value of the detected pulses should depend solely on the instantaneous
frequency of the subcarrier. This means that the various tuned circuits
involved should complete their transients in a time which is short
compared with the total duration of the wave burst. Figure 9 shows
the response of a simple tuned circuit to a wave burst of constant
amplitude that starts and stops with zero phase and lasts T, seconds.
The circuit has a build-up time r, which may be adjusted by the damp-
ing resistor R and is correlated with the bandwidth b in the form
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7= 2RC =1/=b. (2)

The minimum bandwidth is determined by the time allowed for the
transients. If these are to be complete within p percent of the pulse
time,

100

b

v

. 3
xpT,

The total number n of cycles per pulse, as well as the number An
occurring before the steady state is attained, are

n="Tyf, (4)

An=1f, (5)

W

WAVE BURST

Qiite
-
n >

Fig. 9—Response of a tuned circuit to a pulse of frequency modulation.

Equation (5) holds regardless of the subcarrier frequency f,. The
following set of constants is representative of a typical circuit designed
for pulsed frequency-modulation operation:

Pulse time T 5 microseconds
Time of build-up = 0.5 microsecond
Circuit capacitance C 25 micromicrofarads
Circuit resistance R 10,000 ohms
Bandwidth b 400 kilocycles
Subcarrier frequency f, 4 megacycles

Q factor . 10

Cycles per pulse » 20

An 2 cycles

B. Generation of phasing of the subcarrier at the transmitter:
According to the calculation above, a‘total variation of no more than
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2 subcarrier cycles is sufficient to produce peak modulation in the
receiver. Hence it follows that the instantaneous wave forms of the
subcarrier bursts must be closely similar at the beginning. Unless the
initial phase of each burst is repeated with extreme accuracy, the
otherwise random initial phases may introduce audible beat notes and
noise in the detected signal.

In this connection, the keying of the subcarrier for part-time modu-
lation presents a major problem. If an independent subcarrier oscillator
supplying a continuous frequency-modulated wave is used, an electronic
on-off switch controlled by the main synchronizing generator must be
provided. This switch cuts into the subcarrier and admits sections of
its wave train for modulation of the synchronizing pulses (or blank-
ing). It is obvious that the timing of this switch would have to be
accurate within small fractions of one subcarrier cycle, or about 0.1
microsecond, in order that the initial phases of all pulses be substan-
tially equal. The noise susceptibility of this method is high, because
the subcarrier modulation is keyed on and off at full amplitude.

The problem of precise keying is further aggravated by the fact
that the repetition frequency of television pulses is not constant. In
all practical television synchronizing generators, the line frequency is
subjected to continuous frequency control so that it constitutes, at any
instant, a definite multiple of the field frequency. The field frequency
is synchronized with a 60-cycle power supply which is inherently
variable around a well-defined average. As a result, beat notes of
variable pitch are bound to occur if a subcarrier source with continuous
frequency modulation and constant center frequency is subjected to
keying from a synchronizing generator unless special precautions are
taken.

In the system described below, such spurious signals have been
effectively eliminated. A continuous subcarrier generator is not used;
instead, the bursts are supplied from a start-stop oscillator which is
switched on and off by the line blanking pulses. The start-stop sub-
carrier oscillator shown at (4) in Figure 10 is active only when plate
voltage is applied in the form of a pulse from the control tube (3).
Pulses of appropriate wave shape at line frequency are derived directly
from the synchronizing generator and impressed on the grid of the
control tube. Hence throughout the line-scanning interval the sub-
carrier oscillator is inoperative, but at the end of each line it receives
a plate-voltage pulse. As a result, subcarrier oscillations are built up
with exactly the same initial phase conditions each time. Since the
plate-power pulse is derived from the line-blanking pulse, it partici-
pates automatically in any variations of the line frequency. The power
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Fig. 10—Transmitter for pulsed frequency modulation.

pulses may also be preshaped in such a manner that the plate supply
ceases in time to allow the subcarrier oscillations to decay within the
allotted duration of sound transmission.

Figure 11 illustrates the subcarrier burst without and with fre-
quency modulation.

In Figure 11(B), which shows a large number of frequency-modu-
lated pulses in superposition, the first half of the wave burst is sharp
while the wave trace appears increasingly blurred toward the end. This
verifies the fact that the initial phase is substantially identical for all
bursts regardless of the frequency modulation: that is, the pulse
fronts are ‘“coherent.”

C. Pulsed frequency-modulation transmitter: Figure 10 shows a
possible arrangement of components in a pulsed frequency-modulation

(B)
subcarrier burst. frequency-modulated
Fig. 11
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transmitter. The start-stop oscillator is coupled to a reactance tube (5)
which is controlled continuously by the audio signal. A low-pass filter
(10) with a cutoff at one-half of the line frequency prevents the gen-
eration of overlapping sidebands of the subcarrier that would interfere
with audio fidelity. In an experimental transmitter, the master oscil-
lator generated about 10 cycles at a frequency of 2 megacycles during
each burst with a deviation of = 100 kilocycles. At the output of the
doubler stage (6) the center frequency becomes 4 megacycles and the
deviation *=-200 kilocycles. The subcarrier burst is amplified and com-
bined with the video signal at (13).

From the point of view of pulsed frequency modulation the field
synchronizing pulse and the equalizing pulses interfere with the regu-
lar sequence of horizontal synchronizing pulses. Some modification of
the standard television wave form (Figure 1) is necessary to allow the
transmission of wave bursts of constant duration. Interruptions in the
sequence result in the generation of a narrow 60-cycle pulse that con-
tains harmonics of 60 cycles extending throughout the audible

PULSED FREQUENCY
MODULATION

ri 2 'rs. ' ' ' l FIELD 2

Fig. 12—Modification of television wave form for pulsed frequency
modulation on line-synchronizing pulses.

spectrum.

If the bursts occur during postblanking (Figure 8(B)) the field-
synchronizing pulse may be slotted as in Figure 6(B), but if the line-
synchronizing pulses are modulated by the bursts, the modification
shown in Figure 12 is desirable. Here the slots S, isolate the sub-
carrier bursts from the field signal so that separation of the sound may
take place in the receiver. The slots S, act as equalizers for main-
tenance of interlacing. Figure 13 shows the modified television wave
form carrying pulsed frequency-modulation duplex on the line syn-
chronizing.

D. Pulsed frequency-modulation receiver: A complete pulsed fre-
quency-modulation receiver is shown in Figure 14. Isolation of the
frequency-modulation bursts (whether in line-synchronizing pulses as
in Figure 8(A) or in post-blanking, as in Figure 8(B)) is performed
by a selector such as a tube with two control grids. The selector is
biased off by a suitable pulse signal generated by a multivibrator which
is synchronized from the line-deflection generator or the line-synchron-
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Fig. 13—Combined video signal and pulsed frequency modulation
of line-synchronizing pulses.

izing circuits of the video receiver. A limiter removes the amplitude
noise to substantially the same extent as in conventional frequency-
modulation systems. Demodulation of the bursts is accomplished in a
conventional diseriminator circuit centered at the subearrier fre-
quency. All audio components above a frequency of one-half line fre-
quency are removed by a low-pass filter as in the other duplex systems
mentioned above. A locally generated blanking signal is required for
biasing off the kinescope when the wave form of Figure 8(B) is used.

SIGNAL-TO-NOISE RATIOS OF DUPLEX AND STANDARD SYSTEMS

Formulas for the signal-to-noise ratios of duplex and standard sys-
tems are derived in Appendix IV. A comparison of the various ratios
requires the assumption of a numerical relationship between the ampli-
tudes of the respective carriers. .

The usual practice in television installations is to establish the
amplitude S of the standard frequency-modulated sound ecarrier at
about 0.7 of the peak amplitude P of the picture carrier. For con-
venience the ratio S/P will be taken as 1/\/ 2. When amplitude modu-

Fig. 14—Pulsed frequency-modulation receiver.
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lation was standard for sound transmission prior to the adoption of
frequency modulation, the same ratio 1/V/'2 was customary.

The amplitudes in duplex transmission are fixed by the amplitude
of the picture carrier.

The unmodulated amplitude 7 of the amplitude-modulated pulse
carrier is one half the amplitude of blanking. In the standard wave
form (Figure 1) blanking is three fourths of the peak amplitude of
the picture carrier. Hence & may be taken as 3P/8. The amplitude of
the pulsed frequency-modulation signal during post-blanking is also
3P/8. The amplitude H of width-modulated pulses is equal to the full
amplitude of blanking or 3P/4.

Column (1) of Table I lists the audio signal-to-noise ratios for the
various methods of transmission of sound in terms of P/N and other
dimensions which are associated with a particular method. P is the
amplitude of the picture carrier and N is the noise factor.

Column (2) lists the critical signal-to-noise ratios below which the
formulas are no longer valid. This limit exists in the case of width-
modulated pulses when the peak noise is higher than one half the pulse
amplitude. There is no limit in standard amplitude modulation and
amplitude-modulated pulses since limiting is not applied. The limit
occurs in standard frequency modulation and pulsed frequency modu-
lation when the peak amplitudes of noise and signal are equal.

If the noise is assumed to remain constant, the signal, and there-
fore the signal-to-noise ratio, varies with distance from the transmitter
according to the law for the propagation of television signals. Hence
P/N may be replaced by K/d? as shown in column (3) where d is the
distance from the transmitter and K is a proportionality constant. If
the distance d exceeds the line-of-sight distance, a somewhat higher
power of d would be appropriate.

Columns (4) and (5) show the forms taken by (2) and (3) when
values are substituted.

Figure 15 illustrates the variation of the signal-to-noise ratios with
distance from the transmitter. Comparisons made of the various
methods of sound transmission from Figure 15 are necessarily on a
relative basis since the unit of distance is d/V K.

Standard frequency modulation with a deviation of 150 kilocycles
yields the most favorable signal-to-noise ratio within 0.044 units of
distance. An equal ratio may be obtained over a more limited distance
of 0.018 units with pulsed frequency modulation during postblanking
if the maximum deviation is of the order of 1.2 megacycles. A greater
deviation is required in pulsed frequency modulation for equality,
because the audio signal which may be recovered from a pulsed-
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frequency-modulation wave is proportional to the pulse width, whereas
the audio noise is proportional to the square root of the width.l? The
maximum distance from the transmitter at which limiting of a pulsed
frequency-modulation signal is effective in ‘removing noise (that is, the
critical distance) is necessarily less because the noise voltage admitted
to the receiver is greater as a consequence of the greater deviation.
Pulsed frequency modulation during postblanking with the cus-
tomary deviation of 150 kilocycles is intermediate between standard

1000

3

SIGNAL-TO-NOISE
s ®9 RATIO(RMS)

L " P N\
2 4 & 8
0001 .00 o1 1

DISTANCE FROM TRANSMITTER
(UNIT OF DISTANCE 44}

Fig. 15—Signal-to-noise ratios for sound transmission.
A — amplitude-modulated pulses
B — width-modulated pulses (symmetrical)
C = width-modulated pulses (dissymmetrical)
D = standard amplitude modulation
E = pulsed frequency modulation (f:=150 kilocycles)
F = pulsed frequency modulation (f: =1200 kilocycles)
G = standard frequency modulation (f:«= 150 kilocycles)
H — standard frequency modulation (f:= 50 kilocycles;
bandwidth — 150 kilocycles).

amplitude modulation and standard frequency modulation.
Width-modulated pulses are intermediate between amplitude-modu-
lation pulses and standard amplitude modulation.
Amplitude-modulated pulses rank lowest, largely as a consequence
of not being susceptible to limiting.

OTHER RECEIVER CONSIDERATIONS
A duplex receiver is ‘“no better” than its sound pulse selector.

12 Appendix IV, equation (43).
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Audible noise can be introduced into the audio system of a duplex
receiver when portions of the video signal, representing picture, are
selected along with the desired sound signal. This occurs when the
accuracy of synchronization of the selector is reduced sufficiently by
noise and interference. In this respect, the automatic frequency con-
trol of synchronization was found to be definitely superior to conven-
tional triggered synchronization.!® The flywheel effect of the automatic-
frequency-control circuit tends to minimize the disturbing effect of
noise on synchronization.

It appears that with automatic-frequency-control synchronization
the major part of the total audible noise in a well-designed duplex sys-
tem may be attributed to the inherent noise characteristics discussed in
Appendix IV rather than to inaccurate selection of the sound signal.

The stability of duplex circuits was not studied, but it is clear that
drifts in the values of circuit elements that affect the accuracy of sound
selection would be detrimental.

An exhaustive study of the relative costs of a television receiver
designed for duplex sound on a conventional receiver intended for
reception of standard frequency modulation was not included in the
scope of this project. However, an analysis of two experimental re-
ceivers constructed according to the arrangements in Figures T(A)
and 14 indicates that the cost of a commercial duplex receiver is not
likely to exceed that of a standard receiver.

APPENDIX I

A rectangular-pulse wave of unit amplitude may be expressed.as a
cosine series

2
e(t)y =r+ —{sin T cos ot 4

ki

sin 27r

cos 20, + - - -
2

sin nrr
+ cos not + - - -
n
o. = 2rf '
{ ‘ (6)
r = pulse width per pulse period.

Modulation of e(f) by an audio signal M (¢) has the result

F)=[1+M(@)]e(t)
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original audio sjgnal sidebands of carrier
<unmodu1ated> < diminished ) < and its harmonics
pulse wave by »
1 1 o 2 sin nwr
=e(t) + rM(t) + 3 —M@) COS Naw,l. (7)
n=l o n

APPENDIX II

A well-known formulal® expressing the video bandwidth required
for equal horizontal and vertical resolution is

fo,=%KL*Na (8)
in which
f, = video bandwidth
L = number of scanning lines
N = frame repetition rate
a = aspect ratio

K = experimental factor often taken equal to 0.6.

Since the maximum audio frequency f, which may be transmitted by
a pulse carrier is LN /2, the combination of this formula and (8) gives

foN S
fo= =K, V. 9)
2K,

Equation (9) should be regarded chiefly as an expression of propor-
tionality between the quantities because the value of K depends upon
the criterion for equal resolutions, which is not a precise concept.

APPENDIX III

FREQUENCY COMPONENTS RESULTING FROM SYMMETRICAL WIDTH
MODULATION OF A RECTANGULAR-PULSE CARRIER BY A SINE WAVE

The problem is the calculatioh of the amplitude and frequency of
each component in a rectangular-pulse carrier which is width-modu-
lated in a symmetrical manner by a sine wave. The width of a pulse
is proportional to the amplitude of the modulating wave at the instant
corresponding to the center line of the pulse. Hence, the width a, of

. 13R. D. Kell, A. V. Bedford, and M. A. Trainer, “An experimental
television system, Part II. The transmitter”, Proc. L.R.E., vol. 22, pp.
1246-1266; November, 1934.
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the pth pulse is

T,
a,=w |1 — « cos 2xp —— (10)
T,

in which
w = width of unmodulated pulse
T,= 1/f, = period of pulse wave
T,= 1/f, = period of modulating wave

o = modulation factor.

In the general case, the modulated carrier wave will not repeat
precisely at the end of each audio cycle, but after some time greater
than the period T, there will be repetition. Let this time be called T
and the corresponding frequency, f. The equation of the modulated
pulse wave may be deduced by regarding the wave as the summation
of a large number of pulse waves of equal period T. Each component
wave will be characterized by a certain pulse width which is constant
for the particular component. Thus there is a wave starting at the
origin and characterized by a pulse width @, a wave of width a; and
phase T,, a wave of width a, and phase 2T, etc.

The pth wave has a width a, and phase pT,. There are (f,T —1)
waves to sum. The equation of the pth wave is &

a, 2 » sinnmaf
enz[ +—3 . —cosZn-nf(t—’pTc):l. (11)

T T "=l n

A summation over p yields the equation of the modulated pulse wave.

feT—1 Oy 2 feT—1 e« Sin nwa,f =
= N + — cos 2mnf (t — pT,)
p=0 T o p=0 n=1 "
=e,. +e. (12)

Since the direct-current component is not of interest, it need not be
considered further. If a certain frequency component of e is sought,
the contributions of each of the p waves must be summed in the form
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2 jer—1 sinnwa,f
- 3
T p=0 n

cos 2nfn(t — pT,). (13)

The amplitude of the component (fn) is \/ A%+ B? in which

2 jer—) sin (nma,f)
Al=—'s — — cos 2w fnpT, (14)
T P=0 n

2 jer—18in (nwa,f)
B, =— -

= n

sin 2zfupT.,. (15)

The remainder of the derivation is devoted to an examination of A,
and B,. It is expected that only certain values of n will lead to non-
zero values for A; and B,. Before summation, the expression for a, is
inserted in A; and B,. There results

2 fer—1 1

A =— S —sin [2n7fe (1 — « cos 2nT,fop) ] cos 2nfnpT, (16)
T P09
2 ger—11

Bi=— S —sin [287fe (1 — « cos 27T fop) ] sin 2nfnpT,. (17)
T =0

Expansion of 4, in terms of Bessel functions, yields

2 feT~1 1 0
Aj=— 3 — | cosRpsin S, 2(—1)s*J,(B) cos sC, + Jy(B)

T P=0 p s(even)=2

0

+ cos Rp cos - A s 2(—1)®@+H/2] (B) cos vC,,:, (18)

v(odd)=1

and
2 yer—1 1 o
Bi=— 3 —| sinRpsin4 3 2(—1)*"J,(B) cos sC,
T P=0op s(even)—=2
+ sin Rp cos A ; 2(—1) ®w+1/2] cos 'vC,,:] (19)
v(odd)=1
in which
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mfw=A 2nT f,= Cc
nrw < f=18 2nfnT,=R.

A typical term in A, involving the summation over s is

4(—1)* . feT—
—F  J,8in A ¥ cos Rpcos sCp.
™ p=0
The expression
feT—1
S cos Bp cos sCp
p=0

is a finite trigonometric sum which is known to have the value

1 cos [(f,T—1) (R—sC)/2] sin [f,T (R —sC) /2]
2 sin [(R—sC) /2]

1 cos [(f.T —1) (R + sC)/2]sin [f,T(R + sC) /2]
+_
2 sin [ (R +sC)/2]

The above sum may be abbreviated

Sy S,
S=—+
2 2

If the expressions for R and C in (20) are introduced, S; in

becomes

cos w [8T fo—nT.f +n—sTfy] sinw [n—sTf,]

1:

nsinr (vT.f —sT.fo)

171

(20)

(21)

(22)

(23)

(24)

(24)

(25)

If S; is to have a nonzero solution, the denominator must be zero at
least for some values of n. This follows from the observation that
sin @ (n—sTfy) is always zero. From inspection, it is seen that the

denominator of (25) is zero when

n—= Ale,} + STfO

(26)

in which M is the positive integer. When (26) is inserted in (25), the

indeterminancy may be reduced to
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1

S = (27)

sTfoxM
Similar reasoning leads to explicit forms for A, and B, in (14) and
(15). Finally, (12), for the modulated wave, may be written in the
form

a M=o P —

2 o0 0
e-=— S [ 2 {J |2 [710 o (Mfc+1'f0)J}

sin | ww (Mf, + vfy) — |v| 7/2) ]
M+ vfy/f.

cos 27 (Mf, + vf‘,)t:, (28)

FREQUENCY COMPONENTS RESULTING FROM DISSYMMETRICAL WIDTH
. MODULATION OF A RECTANGULAR-PULSE CARRIER BY A SINE WAVE

When each pulse of a symmetrically-modulated pulse carrier is
translated to the right (or left) on the time axis by an amount equal
to one half the width of the modulated pulse, the carrier becomes
unsymmetrically modulated. Therefore (12) may be modified to read

fer—1 O 27y o Sinuwef B a, ]

€= 3 —+— 3 3 ———cos2mnf| t—pT,—— (29)
p=0 T 7 p=0 n=1 n 2

in which a0y =w (1 — o cos 27pT,f,). (30)

A mathematical process similar to that outlined in Appendix II yields
the result

» 1 J[27mw o« (Mf,+ vfy)]
e= 3 —(=Detys
v(odd)=1 M+ "fﬂ/f('

cos 2w [ (Mf, + vfy) (t —w) ]
J 27w o (Mf,—vfo) ]

o 1
+ s — (— 1)+

S M —vfo/fs
cos 27 [ (Mf,—vfy) (t —w)]
2 -] ™ o e
+2 3 (—1yeison Jo[mw < (Mf, + &f) 17502 (M +£fa)]
x & M+ &fo/fe
sin 27 [ (Mf, + &fy) (£ —w)
2
+ —sin (zMfw) cos 27f M (t —w/2) (31)

T
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p and B are odd positive integers.
Other symbols have the same significance previously assigned.
AprpPENDIX IV

SIGNAL-TO-NOISE RATIOS

1. Standard Amplitude Modulation and Standard Frequency Modula-
tion

The root-mean-square signal-to-noise ratio for 100 per cent ampli-
tude modulation is

S N7, S
—/ —2v2 (32)
V2 4 N \/—f;

S = unmodulated amplitude of carrier

in which

f, = highest audio frequency
N \/ f, = peak amplitude of noise

( = 4 X root-mean-square noise) !4

Crosby!s and others have shown that

signal Y 3f, [ signal
= (33)
noise / FM 2f. noise / AM
in which f,; is 2 times frequency deviation. The amplitude of noise is

assumed to be below the threshold value.
From (32) and (38),

<signal> V63 \/Td/‘/E
- : - (34)
noise /FM Nf, fa

2. Amplitude-Modulated Pulses

In a 100 per cent amplitude-modulated pulse system the root-mean-
square value of the audio signal detected by means of a low-pass filter

14 Vernon D. Landon, “The distribution of amplitude with time in
fluctuation noise”, Proc. I.R.E., vol. 29, pp. 50-55; February, 1941.

15 Murray G. Crosby, “Frequency-modulation noise characteristics”,
Proc. I.R.E., vol. 25, pp. 472-517; April, 1937,
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in the receiver (see Appendix I) is
rh

V2

(85)

in which
h = unmodulated height of the pulse

r = ratio of pulse width to period of pulse carrier.

If the assumption is made that the pulse wave is applied to the detector
(low-pass filter) only during the time of the pulses, the root-mean-
square noise is

NV,
4

Lk
e —hz‘-r: lé’_".—'u‘l—

Vr

(36)

Fig. 16—Width-modulated pulses.

Hence

signal __h VT
=2V 2 g

noise AM pulses N \/Ta

3. Widith-Modulated Pulses

Before detection, the noisy signal is clipped, or limited, top and.
bottom so that only a comparatively narrow section near the center of
each pulse is selected. Hence, it is assumed that noise effects are
introduced into width-modulated pulses chiefly by the random displace-
ment of the sides of the pulses. The following' derivation applies when
the peak noise is less than one half of the amplitude of the pulses. In
Figure 16, let

w = unmodulated width of pulse -
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H — height of pulse
t, — time of rise of pulse side 5

b = displacement of side in seconds due to a root-mean-square noise

voltage

f, = video-frequency bandwidth.

Then the slope of the side of a pulse is

37y

—_—

H NV,
b
o/

from which
NV, t

b= = C (38)
4 H

e UNMODULATED wibTH u, « Y38
W
©  [23 MODULATION FACTORSL = Wi

o ——

MODULATED WIDTH W, « ¥R
o [l

MODULATION FACTOR® =1
a

Fig. 17—Decomposition of a pulse time wave into width-modulated pulses
(1) and (2) of the dissymmetrical type. Shaded lines intended to simulate
an oscillogram.

The audio signal recovered from the pulse wave, whether symmetrically
or dissymmetrically modulated, is

CwH’
V2

(39)

In this expression, C is a proportional constant. H’ is the new height
of the pulse after the center section of the pulse has been selected out
and the remainder rejected (as shown in Figure 16). Amplitude due
to the random displacement of one side of a pulse in dissymmetrical
modulation is

ChH". (40)
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Hence the signal-to-noise ratio is

CwH'’ 2V 2wH
__/ Ch H' = . (41)
V2 t.NVFf,

In symmetrical modulation, both sides of a pulse are subject to random
displacement due to noise. The noise voltage given in (40) must there-

fore be multiplied by v 2. The signal-to-noise ratio for symmetrical
modulation is therefore

2wH
t.NVT,

4. Pulses of Frequency Modulation

(42)

The audio signal which may be recovered from a ‘keyed frequency-
modulated wave by means of a discriminator followed by a low-pass
filter (Figure 14) is proportional to the pulse width. However, the
noise appearing in the audio output is proportional to the square root
of the width. Hence

signal signal
- =V : . (43)
nolise P—F—M noise standard F-—M :
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A METHOD OF MEASURING THE DEGREE
OF MODULATION OF A TELEVISION SIGNAL*{

By
T. J. BUZALSKI
Engincering Department, National Broadcasting Company, Inc.

New York, N. Y.

Summary—A method of measuring the degree of modulation on « stand-
ard television signal is deseribed. The double sideband output of the trans
mitter energizes a linear diode monitor, the output of which contains «
direct current component in addition to the visual signal. Means are pro
vided to interrupt this composite signal periodically by short-circuiting the
diode output load impedance for a brief interval, thus establishing a refer-
ence zero signal. The resultant modified signal, including the zero reference
level, may be observed by means of « cathode ray oscilloscope capable of
handling only alternating current signals. The trace on the face of the
oscilloscope will contain «ll of the information required to measure the
degree of modulation attained.

INTRODUCTION

attained on the signal radiated by a television transmitter was
apparent very soon after experiments were begun with televi-
sion transmission. Most of the modulation monitoring methods which
were developed for sound broadcasting were not applicable to tele-
vision broadcasting. The method of measuring the degree of modula-
tion by observing the carrier frequency envelope on a cathode-ray
oscilloscope was applicable to television provided that the information
given by the trace was properly interpreted. The current television
standards require that the carrier envelope achieve maximum ampli-
tude at the peak of the synchronizing signal and that this maximum
amplitude shall be independent of light and shade in the picture signal.
As a consequence of this method of operation, the peak carrier envelope
amplitude becomes a constant, whereas the average carrier envelope
amplitude becomes a variable dependent upon the content of the picture
signal. Therefore, modulation measurements under existing standards
for television transmission must be made in terms of the peak carrier
envelope amplitude, in contrast to sound broadcasting practice, wherein
such measurements would be referred to the constant which in that case
would be average carrier envelope amplitude.
When the radio frequency envelope of the visual transmitter was

THE need for determining the degree of modulation which was

* Decimal Classification: R254.1 X R583.
+ Reprinted from RCA REVIEW, June, 1946.
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monitored on a cathode-ray oscilloscope, the operators were in a position
to assert with confidence that the signals being radiated were in accord-
ance with the current standards. This method was reasonably satisfac-
tory, but the location of the cathode-ray oscilloscope was determined by’
the probable accuracy of results rather than by operating convenience.
The cathode-ray oscilloscope, a relatively expensive piece of equipment,
was made unavailable for other purposes when frequent monitoring of
the radio frequency envelope was considered necessary. A more expedi-
ent method of obtaining the information offered by the cathode-ray
oscilloscope envelope monitoring method had been sought for some time.

An article by A. W. Russell! suggested the use of a vibrating switch
to “preserve the direct current level in oscillograph amplifiers.” While
the usefulness of this method in studying the operating characteris-
tics of many vacuum tube circuits was immediately evident, its applica-
tion to the measurement of modulation was not conceived until several
months had elapsed. During the course of the experimenting which fol-
lowed, the switching mechanism which was used became identified as
the “Vibroswitch.”

A diode rectifier, which derived its signal from the coaxial radio
frequency transmission line between the transmitter and the vestigial
sideband filter, has been used for many years as a radio monitor. The
quality of the picture was observed on a kinescope while the wave form
and amplitude of the composite signal were observed on a cathode ray
oscilloscope as a regular operating procedure. The “Vibroswitch” was
applied to the diode monitoring system.

THEORY

The circuit diagram of the diode rectifier, “Vibroswitch,” and
cathode ray oscilloscope arrangement is shown in Figure 1. When the
circuit constants have been properly chosen, the instantaneous potential
difference developed across the diode load impedance Z, is substantially
proportional to the instantaneous carrier envelope amplitude. In a con-
stant peak carrier amplitude system of modulation (direct current
transmission), which is currently standard for television, the peak
carrier amplitude is attained during the synchronizing pulse interval.
The minimum carrier amplitude occurs when a maximum white signal
is present. If the modulation were complete during a given maximum
white interval, the concurrent instantaneous carrier envelope amplitude
would be zero, and as a result the concurrent instantaneous potential

1L A, W. Russell, “Preserving the D. C. Level in Oscillograph Ampli-
fiers”, Electronic Eng., Vol. XV, No. 175, page 173, Sept., 1942.
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difference across Z, would also be zero. It, therefore, appears that if
we periodically short-circuit Z, we will artificially create the conditions
which would obtain during complete modulation. If the rate at which
the short-circuiting occurs is sufficiently rapid, the resultant revised
signal will be passed by the cathode-ray oscilloscope amplifiers, and the
amplitude of the resultant trace should be proportional to the instanta-
neous potential drop across Z, and, therefore, within certain limita-
tions, proportional to the instantaneous carrier envelope amplitude.
One limitation is imposed by the degree of linearity possible between
the voltage applied to the diode circuit and the resultant current.
Another limitation is imposed by the effective diode circuit time con-
stant. These circuits must be so designed as to permit the rate of

CATHODERAY
o O5C/L LOSCOPE

U S

=
—~

x

¥

My
AW
&“—’
§
;_AAAAAAAT
UAAAAAL

S
X
IIllI—*-

- _J

Fig. 1—Diode rectifier, “Vibroswitch,” and cathode ray oscilloscope circuit
arrangement.

change of potential difference across Z. to follow the rate of change of
carrier envelope amplitude required to transmit the desired intelli-
gence. Further, the information being transmitted during the short-
circuiting imterval cannot be recorded by the cathode-ray oscilloscope.
The interpretation of the results must be made in the light of these
limitations.

THE “VIBROSWITCH”

The original “Vibroswitch” was a standard vibrator such as is used
in automobile receiver power supply units, but revised for 60 cycle
alternating current operation. However, the contact spring tension
varied with use to a degree that rendered this instrument too un-
reliable for regular use under operating conditions. Experimentation
then proceeded through the use of a motor driven segmented disc, a
motor driven cam, a loudspeaker element equipped with contacts and,
more recently, a specially constructed switch using the coil and magnet
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from a Baldwin headset. The mechanical schematic diagram of this
unit is shown in Figure 2. The physical appearance is evident in

| CONTACT
grivar f CTL. SCREW
\X\ i NS
*\—‘b— ““““ —= DAMPING

CTL. SCREW

Fig. 2—Mechanical schematic diagram of the “Vibroswitch.”

Figure 3. The fundamental problem insofar as the “Vibroswitch” is
concerned is to obtain a short closed contact period with clean make

Fig. 8—A recent physical form of the “Vibroswitch.”

and break. Most of the earlier models suffered from mechanical oscilla-
tion of the swinger, causing variation in contact resistance at the

www americanradiohistorv com


www.americanradiohistory.com

MEASUREMENT OF MODULATION 181

instant that the contact was closed. This led to a confused trace on the
oscilloscope.
INTERPRETATION OF THE OSCILLOGRAMS

Figure 4 gives the expected oscilloscope traces. The actual appear-
ance of the trace on an oscilloscope is shown in the photographs

V744 GINC. PEAK

Lo BLACK

VZAd WAITE

ge ZERO

(a) Horizontal deflection rate approximately one half the field repetition
rate.

0. SYWC. PEAK

T4 /\ DLACK

Ko ﬂfr\l‘ 'ﬂ\r\/ WHITE

ge I - - - - - - ZFRO

(b) Horizontal deflection rate approximately one half the line repetition
rate.

Fig. 4—Representation of the expected Oscilloscope Trace:

included in Figure 5. If the vertical deflection circuit of the moni-
toring oscilloscope operates with the direct current component of the
signal re-inserted, it is possible to set up a scale reading 0 to 100
on the face of the oscilloscope and using the zero carrier level indica-
tion provided by the short-circuiting interval of the “Vibroswitch”
cycle, set the gain of the oscilloscope amplifier so that the peak of sync
falls at 100 and the zero carrier dot or line falls at zero- The amplitude
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of the white signal and black level can then be read directly in per cent
of peak carrier envelope amplitude. Similarly, variation of black level
or peak carrier as a function of average brightness can be observed and
read in per cent of peak carrier envelope amplitude.

GENERAL COMMENTS

The optimum repetition rate of switching would probably vary with

(a) Horizontal deflection rate one (b) Same horizontal deflection rate
half the field repetition rate — —“Vibroswitch” operating.
“Vibroswitch” not operating.

(c¢) Horizontal deflection rate one
half the line repetition rate —
“Vibroswitch” operating.

Fig. 5—Photographs of oscilloscope traces:

each application. Experience with monitoring standard television
transmissions indicates that a repetition rate in the order of 800 to
1000 cycles per second is acceptable. The switching rate should be
nearly, but not exactly, in synchronism with the signal being observed.
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The mark or short-circuiting interval should be short, perhaps on the
order of 10 per cent, but long enough so that there can be no doubt that
the circuit has been fullyedischarged and that a positive mark is evi-
dent at the zero carrier level. The cathode ray oscilloscope amplifiers
must be linear over a sufficient swing to pass the composite signal
without compression.

Measurements of black level in per cent of peak carrier envelope
amplitude, white signal in per cent of peak carrier envelope amplitude,
and variation of black level as a function of average brightness using
the “Vibroswitch” technique have been checked against the envelope
cathode ray oscilloscope method. The results of the two methods were
found to be in substantial agreement.

This device permits measurements on low power equipment which

would not provide sufficient voltage to deflect the plates of an envelope
cathode ray oscilloscope directly.

ACKNOWLEDGMENT

The actual device described herein is the result of the work of many
engineers who have been associated with the author. Their contribu-
tions have been directly responsible for the processing of an “idea”
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FACTORS GOVERNING PERFORMANCE OF
ELECTRON GUNS IN TELEVISION
CATHODE-RAY TUBES*{}

By
R. R. Lawit

Research Laboratories, RCA Manufacturing Co., Inc.,
Harrison, N. J.

Summary—On the basis of Langmuir’'s! limiting-current-density rela-
tionship, it is shown that the useful beam current in a conventinl television
cathode-ray tube has an upper limit defined by

e Az
Iy = 1.13 %WEr— tanze
kT N:

where
I, = the beam current;
i = the cathode-current density;
» = the second-anode voltage relative to the cathode;
e = the electron charge;

k — Boltzmann’s constant;

T = the absolute temperature of the cathode;

A = the aperture of the final focusing system;
== the number of scanning lines; and,

® — the equivalent deflection angle.

This result is derived for the case of an ideal electron gun with no defining
apertures. In practice this upper limit of beam current is not attained be-
cause of aberrations and space-charge mutual repulsion effects.

INTRODUCTION

cathode-ray tubes, questions freqqently arise as to what will be the

effect of changing this or that parameter. For example, such
questions are asked as: how does the brightness of the picture depend
upon the resolution?; does wide-angle deflection offer other advantages
than reduction in tube length?; or, what will be the effect of increasing
the operating voltage? Although the answers to these and many other
questions may be derived from the fundamental principles of electron

]:[N DISCUSSIONS of the performance of electron guns in television

* Decimal classification: R583.6 X R138.3.

1 Reprinted from Proc. I.R.E., February, 1942.

1 Now with the Research Department, RCA Laboratories Division,
Princeton, N. J.

1D, B. Langmuir, “Theoretical limitations of cathode-ray tubes,”
Proc. LR.E., vol. 25, pp. 977-991; August, 1937.
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optics,)—4 there is need for a simple, easily interpreted relationship
correlating the various factors governing electron-gun performance.
It is the purpose of this paper to present such a relationship.

THEORETICAL ANALYSIS

To formulate the problem, consider a conventional® ele¢tron gun of
the form illustrated schematically in Figure 1. This device operates
in the following manner. First, the cathode-region or first-crossover-
forming lens L, concentrates the electron beam into a small diameter
at a first crossover. Second, the electrons emerging from this first
crossover are refocused to a small spot on the fluorescent screen by
the final focusing lens L,. The electron beam so formed is deflected by ~
electrostatic or electromagnetic means to trace out the picture raster.

What factors determine the performance of this device? The

L2 L
v ; 1z//
.|/ .".' / [ ‘.:5 N ]
o s ot P
'|, | 7 1
\ \ FIRST ANOOE
. CONTROL
ELECTRODE
e TS Al Rone®

Fig. 1-——Schematic representation of a conventional electron gun.

analysis will be facilitated by the use of guitable nomenclature and
symbols. Let

H = picture height

s = scanning-spot diameter

N = number of scanning lines to be resolved

¢ = equivalent deflection angle

A = aperture of final focusing lens

¢ = half angle of beam spread

21,. Jacob, “Electron distribution in electron-optically-focused electron
beams,” Phil. Mag., vol. 28, pp. 81-98; July, 1939.

3 E. G. Ramberg and G. A. Morton, “Electron optics,” Jour. Appl. Phys.,
vol. 10, pp. 4656-478; July, 1939.

1J.'R. Pierce, “Limiting current densities in electron beams,” Jour.
Appl. Phys., vol. 10, pp. T15-724; October, 1939.

5V, K. Zworykin, “Description of an experimental television system
and kinescope,” Proc. I.R.E., vol. 21, pp. 1655-1673; December, 1933.
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a = first-crossover to final-focusing-lens distance
b = final-focusing-lens to screen distance
d = first-crossover diameter
D = cathode diameter
1, = cathode-current density
i, = first-crossover current density
E, = first-anode potential
E, = second-anode potential
¢ = electronic charge

k = Boltzmann’s constant

Fig. 2—Schematic representation of geometric factors determining per-
formance of the electron gun in television cathode-ray tubes.

T = absolute temperature of the cathode

The definitions of symbols having to do with the geometric configura-
tion of the structure are further clarified in the schematic drawing of
Figure 2,

Consider the performance of this device. By definition, if the pic- .
ture height is H and the number of scanning lines to be resolved is N
(the meaning of resolution will be amplified later on when the question
of light distribution across a beam trace is examined), the effective
diameter of the scanning spot may be stated as

s=H/N . (D

This scanning spot will be an image of the first crossover. If space
charge is neglected, and the familiar® electron-optical magnification
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formula is applied, an ideal electron gun would produce such a scan-
ning spot from a first c¢rossover which had an effective diameter of

H /K. a

B B ®

The distances between gun and screen and between first crossover
and final focusing lens may be expressed in terms of the equivalent
deflection angle, the aperture of the final focusing lens, and the spread
of the beam as it enters the final focusing lens. If ¢ is the equivalent
deflection angle,

H
h=

S (3)
2tan ¢

If 6 is the half angle of beam spread and A is the aperture of the final
focusing lens,

A

=

= — . 4)
2 tan 0

Equation (2) may then be written

A E, tan¢
d=— . (5)

N E, tané
How much beam current may be concentrated into a crossover of
given size? What will be the light distribution across a beam trace
when the scanning spot is an image of this first crossover? In terms

of the present nomenclature, Langmuir! has shown that the current
density in a crossover in an ideal electron optical system is

«
—-—sin*4¢

[ d? _ IR P D2
sin® 6 kT e
5 5 5 & Dz b e siwe
.= 1{,sin>¢ 1+ K 1+
] 0 ) +' ]‘."1‘ + dz Ce (6)
- ——sin%¢
\ 1 n: J'J

In general 1 << K (e, kT), and (d* D?) sin® 9 << 1. If the vaiue of d
given by (5) is substituted in this expression and it is remembered
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that sin # ~tan § for the angles commonly encountered, integration
between the limits 0 and d/2 gives

D2 e 42 .
I = A ’L'()(l—CMEW N2D2tan¢> )

where I is the current within a spot of effective size H/N. But
7D%y/4 = I, where I, is the total beam current if the system contains
no limiting apertures. Equation (7) may, therefore, be written

I B e Az tan?
I—Zlheﬁ'-li wope Y (8)

8

This result warrants further examination. I/, is the ratio of the
beam current within a particular zone to the total beam current. This
zone is to be of such width as to give the resolution N. But how shall
resolution be defined? In the absence of defining apertures, the spot
has no definite boundary, and irrespective of the spacing, the scanning
lines must overlap to a certain extent. For a given resolution, how
much may they overlap? To answer these questions, it is necessary to
know the brightness distribution across a beam trace.

The author® has shown that (6) may be expressed in the form

@
i =Ce 5. (9)
To determine the brightness distribution across an individual beam
trace, let x be the co-ordinate expressing distance from the center of
the spot perpendicular to the direction of scanning, and let ¥ be the
co-ordinate expressing distance from the center of the spot in the
direction of scanning. The excitation occasioned by a single beam
trace will be
oo
excitation = Cye— B f e~ B dy = Cye B (10)

—0

If the light output of the phosphor is directly proportional to the exci-
tation, this equation represents the brightness distribution also. In
terms of a given resolution, how much may these traces overlap? Can
the degree of overlap be expressed in terms of the ratio 1/1,?

6 R. R. Law, “High current electron gun for projection kinescopes,”
Proc. I.R.E., vol. 25, pp. 954-976; August, 1937.
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Figure 3 shows the resultant brightness distribution in a reproduc-
tion of a portion of a scene containing relatively large adjacent white
and dark areas. The brightness distribution is shown for three values
of the ratio I/I,, When I/I,=0.5, the reproduction is substantially
equivalent to that which would be obtained from a cosine-squared dis-
tribution having the same maximum value and a total width equal to
twice the spacing between adjacent lines. Under these conditions the
cosine-squared distribution would give a flat field."® Although the
present exponential function does not give a flat field, the practical
limiting resolution may be said to occur when the spot size is such
that the brightness of the beam trace drops to one half its maximum
value in one half the distance between the centers of adjacent scanning
lines. As may be seen from Figure 3, this condition is satisfied when

160,

REPRODUCTIOM
WHEN Y _=0.4]s
Il Xg

N

Z N

N
S /i
7 1IN

% %

3 a

Ifo
S

BRIGHTNESS PATTERN ]
TO BE REPRODUCED ™~
B0—

<

RELATIVE BRIGHTNESS

N\

N
N

o
i
O1STANCE (LINE-WIDTH UNITS)

Fig. 3—Fidelity of reproduction as a function of degree of overlap.

I/1,=0.5. But if the degree of overlap at which N lines may just be
resolved is defined by the condition I/I,=0.5, (8) gives

e A?
1,=1.13i{,E, — -—— tan? ¢. (11)
kT N?

I,, therefore, represents an upper limit to the useful beam current
that may be obtained with an ideal electron gun having no defining
apertures. With suitable defining apertures the useful beam current

7P. Mertz and F. Gray, “A theory of scanning,” Bell Sys. Tech. Jour.,
vol. 13 pp 464-515; July, 1934,
S H. Wheeler and A. V. Loughren, “The fine structure of television
images,” Proc L.R.E., vol. 26, pp. 540-575; May, 1938.
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may be increased. This comes about because the peak current density
may be maintained over the entire spot. For example, with a circular
spot of uniform intensity overlapping to such an extent as to give a
flat field as before, the beam current may be increased by the factor
7/1.13. Inasmuch as aberrations and space-charge mutual repulsion
effects operate to increase spot size, these values will not be realized
in practice. For any given structure, the ratio of the measured beam
current to the computed limiting value affords a figure of merit
describing the performance of the gun. This ratio is ordinarily about
one tenth,” but by minimizing the effects of space charge in the first-
crossover-forming region, Pierce’ has obtained current densities of
over one half the limiting value.

DiscussioN

By virtue of this simple relationship, describing the performance
of an ideal electron gun in a television cathode-ray tube, it is now
possible to answer the original questions as to what will be the effect
of changing this or that parameter. Thus, if a linear relationship
between picture brightness and the product of beam current is
assumed, the picture brightness will vary inversely as the square of
the number of lines, and directly with the square of the voltage. Wide-
angle deflection does offer other advantages than reduction in tube
length provided deflection introduces no defocusing; this analysis indi-
cates that the picture brightness should vary directly with the square
of the tangent of the equivalent deflection angle. In addition to corre-
lating the various factors governing electron-gun performance, this
relationship may prove useful in evaluating the performance of devel-
opmental models of electron guns by affording a direct means of com-
puting the ideal performance of the particular structure.

9 J. R. Pierce, “Rectilinear electron flow in beams,” Jour. Appl. Phys.,
vol. 11, pp. 548-554; August, 1940.
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TELEVISION RECEPTION WITH BUILT-IN
ANTENNAS FOR HORIZONTALLY AND
VERTICALLY POLARIZED WAVES*}

By W. L. CARLSON{Y
RCA Manufacturing Company, Ine.,, Camden, N. J.

Summary—Television antennas suitable for mounting within @ console
recetving cabinet are described. A small loaded dipole was found to be more
sensitive than a loop of equal size.

Data are given for reception in bwdldings on receivers with built-in
antennas. Reflections caused standing waves, which affected reception of
both horizontally and vertically polarized waves. The presence of people
near the receiver had the most effect on the signal strength received when
vertically polarized waves were utilized. Good reception in steel-frame
buildings was limited to the side of the building having an unobstructed
path to the transmitter. Normal obstructions in the vieinity of the antennd,
such as might be encountered in residential locations, were found to attenu-
ate vertically polarized waves more than horizontally polarized waves.

A field survey of wave propugation through normal eity obstructions
is recorded. A close agreement with theoretical open-country propagation
characteristics was obtained.

HE loop antenna enjoyed a few years of popularity in the early

l days of broadcasting, but was later discarded in favor of the

better performing outdoor antenna. Recently, changed listening
habits of the public, higher-power broadcast stations, technical im-
provements in receivers, and other factors have contributed to the
revival of the built-in loop antenna for standard-broadcast reception.

It is natural to ask whether the future trend of the televisicn
receiving antenna will follow the history of the standard-broadcast
antenna. It seems likely that the popularity of the built-in antenna for
standard broadcast will stimulate a demand for a built-in antenna for
television. Factors related to this question such as the propagation of
ultra-high-frequency waves through buildings and their reception on
small antennas have been recently investigated. The results obtained
are reported in this paper.

Before taking up these results, it may be well to review the work
of others which seems most pertinent to the subject. It has been shown
by Trevor and Carter!, Norton? and Brown® that for outdoor recepticn
free from obstructions and at ultra-high frequencies such as 50 mega-
cycles, the field strength near the ground is substantially stronger for

* Decimal Classification: R583.7 X R326.6.

+ Reprinted from RCA REVIEW, April, 1942.

¥ Now with the Research Department, RCA Laboratories Division,
Princeton, N. J.

! Trevor and Carter, “Notes on Propagation of Waves Below Ten
Meters in Length,” Proc. L.R. E., March, 1933.

2K. A. Norton, “Statement on Ultla High-Frequency Propagation,”
Television Heuring Before FCC, Jan. 15, 1940.
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vertically polarized waves than for horizontally polarized waves. Data
are presented in the present paper which show substantially the same
relative response, as found by the above mentioned investigators, for
waves received at an outdoor location free from nearby obstructions
after having been propagated through low buildings such as are found
in a city residential district. Brown3 further shows that as the receiv-
ing antenna is raised approximately 30 feet above ground, the two
types of polarization yield practically identical field intensities, when
the transmitting antenna is at least one wavelength above ground. Also
the usual radio-noise fields in the- ultra-high-frequency range are
stronger in the vertical than in the horizontal plane. Therefore, in
spite of the preponderance of vertically polarized field near the surface
of the earth, horizontally polarized waves yield a more favorable signal-
to-noise ratio for television and aural broadcast services (between 30
and 100 megacycles) where the transmitting antenna is at least a few
wavelengths above ground level.

Wickizer! found 4.3 db higher average field strength for hori-
zontally than for vertically rolarized waves during a survey along
highways with the receiving antenna 10 feet above ground. This can
be explained by assuming that the normal obstructions encountered
along the highway attenuated vertically polarized waves more than
horizontally rpolarized waves. Englund, Crawford, and Mumford®
showed that trees along the roadside absorbed and reflected vertically
polarized waves. Data are presented in this present paper which indi-
cate that trees do not materially affect horizontally polarized waves at
69 megacycles.

Jones® showed field-strength contours within a dwelling with recep-
tion of vertically polarized waves. Data are presented in this presenl
paper which indicate that wood frame houses interfere more wilh
vertically polarized waves than with horizontally polarized waves.

ANTENNA DESIGNS

A television receiving antenna, confined within a console cabinet,
may be directional with means for orienting its reception character-
istics or it may be nondirectional. A vertical loop may be employed
as a bi-directional antenna for reception of vertically polarized waves
or a horizontal dipole may be employed for bi-directional reception of

o 3G. OH Brown, “Vertical versus Horizontal Polarization,” Electronics,
ct., 1940.

4 G. S. Wickizer, “Mobile Field Strength Recordings of 49.5, 83.5, and
142 Mc from Empire State Bldg. Horizontal and Vertical Polarization,”
RCA REVIEW, April, 1940.

5 Englund, Crawford, and Mumford, “Some Results of a Study of
Ultra-Short Wave Transmission Phenomena,” Proc. I.R.E., March, 1933.

6 L. F. Jones, “A Study of the Propagation of Wavelengths Between
Three and Eight Meters,” Proc. I.R.E., March, 1933.
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horizontally polarized waves. For nondirectional reception a vertical
dipole or a capacitive element terminated through a coupling indue-
tance to chassis ground may be employed for vertically polarized waves
or a horizontal loop or folded dipole may be employed for nondirec-
tional reception of horizontally polarized waves.

A directional built-in antenna with means for rotating it caun be
employed to discriminate against interference, including undesired

W
i

{
|
i
{
i
)

reflections. The nondirectional type of built-in antenna is less expen-
sive and usually will occupy less cabinet space.

Figures 1 and 2 are photographs of two experimental types of
built-in antennas which were adapted to the RCA TRK-120 television-
receiver chassis. Figure 1 shows a vertical loop-type antenna. The two
turns are in parallel and are connected to an inductor through a
wave-change switch. The antenna circuit functions as a full-wave
resonant circuit and is coupled to a conventional, resonant grid circuit.
The circuits are designed to give a band-pass characteristic of about
5 megacycles width. Figure 2 shows a horizontal dipole with end-capaci-
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tance load. It connects to an inductor which couples to a resonant grid
circuit as in the case of the loop design. These antennas both have
a figure-eight reception pattern in the horizontal plane. Both are
rotatable about a vertical axis. The loop is 10 by 14Y% inches. The
dipole ends are 8% inches square and are separated by 12 inches. The
same cabinet space will accommodate either antenna. Provision is also
made through a wave-change switch for operating the sets on con-
ventional antennas through a transmission line.

Fig. 2

The relative sensitivity of these antennas and of a half-wave dipole
connected to the receiver through a short transmission line of negligible
loss is given below. The measurements were made at 69 Mc in an
open field with horizontal-wave polarization. The loop was in a hori-
zontal position for this test. :

Relative
Type Antenna Sensitivity
Half-Wave Dipole ....................... ... . . 6
Loaded Dipole ............................ ... 3
Loop oo 2
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The greater sensitivity of the loaded dipole as compared with that
of the loop works out as an advantage for directional reception of
" horizontally polarized waves (dipole in horizontal position) and as an
advantage for nondirectional reception of vertically polarized waves
(dipole in vertical position).

EFFECT OF W00D-FRAME HOUSE ON RECEPTION

A survey was made comparing the reception on the two receivers
of Figures 1 and 2 in a typical wood-frame dwelling. A small portable
transmitter with loop antenna was set up in four different locations:
1T, 2T, 3T, and 4T adjacent to the dwelling. See Figure 3. The two
television chassis, with loop and loaded-dipole antennas, were tested in
three different locations within the dwelling on the first floor and in
one location in the field adjacent to the house. These locations are
shown as 1R, 2R, 3R, and 4R. Maximum and minimum antenna micro-
volts (obtained by rotating the antennas around a vertical axis) were
recorded for both antennas and with both polarizations. It should be
noted that in these tests the dipole was always in a horizontal position
and the loop, in a vertical position. The data obtained are as follows:

FIELD TEST FROM PORTABLE TRANSMITTER ON 69 McC

Trans. Rec. Vertical Polarization Horizontal Polarization
Posi-  Posi- Dipole Loop Dipole Loop
tion tion Max. Min. Max. Min. Maz. Min. Max. Min.
1T 1R 221 55 215 50 75 5 63 13

1T 2R 125 42 125 13 125 17 38 26
1T 3R 125 62 38 20 101 23 44 13
2T 1R 161 45 113 51 161 60 130 41
2T 2R 161 16 76 23 17 6 32 b
2T 3R 68 10 88 38 51 17 63 13
3T 1R 177 75 169 40 247 45 126 32
3T 2R 87 17 26 18 195 10 33 13
3T 3R 110 75 204 40 210 45 88 33

4T 4R 225
1T 4R 62 62 377 44 161 29 95 38
* 189 57 155 45 163 33 93 28

* Average for transmitter positions 1T, 2T, 3T and receiver positions
1R, 2R, 3R, corrected for 100-foot separation.

The figures in the table indicate microvolts output from the receiv-
ing antennas. The transmitter loop was 214 feet above ground. The
receiver loop and loaded dipole were 614 feet above ground for all
tests. The field strength of the vertically polarized wave at receiver
position 4R from transmitter position 1T was 3.5 times the field
strength of the horizontally polarized wave. This field-strength ratio
in favor of vertical polarization is abnormally high. The ratio from a
normal distant transmittéer would be approximately. as indicated in
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Figure 6. The loaded dipole is 1.5 times more sensitive than the loop
at a given field strength.

The average effect of the house on reception is obtained by a com-
parison of the readings obtained outdoors (with the transmitter in
positions 1T and 4T and the receivers in position 4R) with the read-
ings obtained with the receivers indoors (with the transmitter in
positions 1T, 2T, and 3T and the receivers in positions 1R, 2R, and
3R). The last line of the chart contains the avérage for all the indoor
readings, with corrections for the difference in transmission distances
compared to the outdoor readings for positions 1T and 4R.

4R
1 1
DWELLING R
3R
R -
)
\0% g
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Fig. 3

The individual readings for the different transmitter and receiver
positions varied widely, indicating the presence of standing waves
within the house for both wave polarizations.

For horizontally polarized waves the average indoor readings were
substantially the same as the outdoor readings.

For vertically polarized waves the loop maximum signal dropped
from 377 microvolts outdoors to an average of 155 microvolts (40 per
cent) indoors. This indicates that the polarization plane of the waves
was distorted or that the waves were attenuated. The dipole maximum
signal increased from 62 microvolts outdoors to an average of 189
microvolts indoors. This change indicates that the polarization plane
of the waves was distorted so as to have a substantial component in
the horizontal polarization plane.

The maximum voltage recorded outdoors for vertically polarized
waves on the loop was 2.3 times the maximum voltage recorded for
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horizontally polarized waves on the loaded dipole. Indoors, the respec-
tive average maximum voltages were substantially equal. This sug-
gests the possibility that rain pipes, electric wiring, and plumbing as
they are situated in wooden frame houses may adversely affect verti~
cally-polarized waves more than horizontally-polarized waves.

During the tests it was noted that the maximum signal on the
vertical loop, for reception of horizontal waves, occurred when the loop
was turned broadside to the arriving wave. Mr. A. H. Turner offered
the theory that this response was due to the differences in field strength
at the top and bottom of the loop, i.e., due to the vertical voltage
gradient of the horizontally polarized wave. If correct, this theory
would ‘require that the response remain constant with height of loop
above ground so long as the rate of change of field strength with
height remains constant. This conclusion was verified by experiments
which appear to confirm the voltage-gradient theory for vertical loop
reception of horizontally polarized waves.

BopYy EFFECT ON RECEPTION

It was observed that persons moving about in the vicinity of the .
receiving antenna affected the reception, the greatest effect on the
received signal strength occurring when a vertical dipole or vertical
loop was being used. This result is to be expected since the body acts
as a vertical dipole. The body effect was further investigated as fol-
lows:

The first tests were made in the open field with the portable trans-
mitter located at point 4T and a half-wave receiving dipole located
at point 4R of Figure 3. The receiving dipole was 6 feet, 3 inches high
at its center. A vertical dipole was used for vertically polarized wave
reception and a horizontal dipole rotated for normal maximum recep-
tion was used for horizontally polarized wave reception. A man 6 feet
tall stood on a wooden support 22 inches above ground in positions
at 10-inch intervals in front and in back of the receiving antenna.
The recorded data are shown in Figure 4 for 69 megacycles and 45
megacycles. When the man’s arms were raised parallel to his shoulders
and parallel to the dipole, the effect on horizontally polarized wave
reception was increased.

For each test the receiver gain was first adjusted to give the same
arbitrarily chosen output of 100 microamperes without the presence
of the man in the vicinity of the antenna. The new meter reading
caused by the presence of the man was then recorded. The curves are,
therefore, only an indication of the relative change in output due to
the presence of the man.

The tests were also made with the man in positions along a line at
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right angles to the direction of wave propagation. The variations in
signal recorded under this condition were never greater than those
indicated for positions in line with the direction of wave propagation.

A second set of tests at 69 Mc were conducted with the receiving
antenna located near the middle of the living room of the dwelling
as illustrated in Figure 8. In these tests the man stood on the floor.
The same horizontal dipole was used for horizontally polarized wave
reception. Two vertical dipoles, spaced 40 inches apart and cross con-
nected, were used for vertically polarized-wave reception. This type of

EFFECT OF MAN NEAR ANTENNA
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Fig. 4
antenna gives the same bidirectional reception for vertically polarized
waves as a vertical loop.

When the antennas were oriented for maximum signal strength,
the results were substantially the same indoors as ocutdoors. In one
test, with the antennas rotated 45 degrees from the maximum-gain
position, the response varied 2-to-1 for vertical polarization as the
man walked across the room. For horizontal polarization the gain
varied only 10 per cent. As the antennas were oriented towards the
minimum-reception position the effect of the body became more pro-
nounced for both polarizations.

These tests confirm the opinion that the movements of people in
the vicinity of receivers operating on frequencies of the order of 70
megacycles with a built-in antenna are more likely to interfere with
the reception from vertically polarized waves than with that from
horizontally polarized waves. The greatest effect will be observed on
the minimum response from bidirectional antennas oriented to reduce
multiple images and other interferences.
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RECEPTION IN STEEL-FRAME BUILDINGS

A number of field tests were conducted in New York City on tele- -

vision reception from Station W2XBS, Empire State Building, operat-

"ing on the former No. 1 channel (44 to 50 megacycles). The results
obtained at three locations on the receiver with the loaded-dipole
antenna were as follows:

At 26 East Ninety-Third Street in a tenth-floor apartment, an input
of 95 microvolts was obtained in a room location which gave poor
results. At another location removed 15 feet, in the same room, an
input of 560 microvolts gave a fair-quality picture when the antenna
was oriented to reduce multiple-image responses. This location was on
the side of the apartment away from the transmitter. The distance/was
3 miles from the transmitter. A better picture was obtained on an
outdoor antenna located on the roof. )

At 75 Varick Street on the sixteenth floor facing the transmitter,
an input of 1550 microvolts was recorded. This signal gave an excellent
picture. Moving the receiver back towards the middle of the building
gave poor results. The distance was 2 miles from the transmitter.

At the RCA Building on the fifty-third floor facing the transmitter,
an input of 3000 microvolts was recorded. This gave a good picture.
Another location on the opposite side of the building gave an input of
150 microvolts and a very poor picture due to multiple images. The
distance to transmitter was 0.7 mile.

This survey indicates that in office buildings and apartment houses
of steel construction, dependable service using built-in antennas will
probably be found in locations facing the transmitter and preferably
within line of sight. A bidirectional antenna is desirable to reduce
multiple images.

EFreCT Oor CITY OBSTRUCTIONS

The relative field strength of vertically and horizontally polarized
waves passing mainly through residential areas was also investigated.
For these tests a half-wave dipole receiving antenna was located
remote from the receiver and buildings so as to minmize the effect of
nearby obstructions.

The small test transmitter previously referred to was placed 5 feet
above ground in a residential location at Haddonfield, New Jersey.
The receiving dipole antenna was placed in three different locations in
a field, at heights ranging from 4 to 121% feet. At the transmitter
site the ground was about 40 feet higher in elevation than the receiv-
ing locations, most of the ground rise occurring near the transmitter.
The transmission distance was 0.6 mile. The receiving locations were.
about 150 feet from each other and about the same distance from the
nearest trees and metal fences. There were eight rows of detached
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dwellings between transmitter and receiver. The nearest houses in line
with the propagation path were 300 feet from the receiving locations.

The data obtained are recorded in Figure 5. The dots are for
vertically polarized waves and the circles are for horizontally polarized’
waves. The solid-line curves A and B were plotted from the results
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of theoretical calculations?, in which a ground dielectric constant of 15
and a transmitter height of 43 feet were assumed. With a transmitter
antenna height of 5 feet, the response to horizontally polgrized waves
relative to vertically polarized waves would be approximately in the
ratio of Curve B’ to Curve A. .

Further tests were conducted with the portable transmitter located
10 feet above the roof of Building No. 5, RCA Manufacturing Com-
pany, Camden, New Jersey. The loop antenna was about 110 feet above
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ground. Figure 6 gives the fleld strengths recorded at the Camden
Airport, a distance of 2.5 miles. As in Figure 5, the solid curves rep-
resent the theoretical calculations. Most of the intervening buildings
along the transmission path were of brick and metal-frame construc-
tion. The terrain was practically level throughout the transmission
path. -

H |

200 i / N
| L

180 V4 : l

VerTi¢aL |PoLagiZAaY DN'\
160 7

140

E 120/ t 74
2 [t /
5 | 7
Ed /

[=]
: ‘/HORI ONTAL  [POLARIZAT|ON
& 8o
o
3 A
r 60 T r'/
% .
. A
o

T
/|

l
FIELD SURVEY AT 69 MC

|
20 /, i ’ -
74 }
I | L1
o] 2 4 6 3 o 12 14
RECEIVER. ANTENNA HEIGHT IN FEET
Fig. 6

A test run in back of the airport gave the same field strength for
horizontally polarized waves as recorded in Figure 6. The field strength
for vertically polarized waves was about the same as for horizontally
pelarized waves. Around the receiving location the only obstruction
which might have caused this drop in vertically polarized signal was
a long 6-foot high metal fence 1000 feet away from the receiver in
the direction of the transmitter. A reflected wave from some distant
object may have caused this result.

With the transmitter in the same location, another group of obser-
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vations were made with the receiver located in Knight Park, Collings-
wood, New Jersey. On vertically polarized reception the field strength
was normal in one location which was 200 feet remote from any
obstacle, see Curve A in Figure 7. The field strength (Curve A7) was
considerably reduced for the second location surrounded by trees.
These observations were made in November. There was close agree-
ment in the recorded data for horizontally polarized waves at the two
locations. See recorded data B and B’ in Figure 7. The terrain was
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fairly regular over the 8%-mile transmission path. There were numer-
ous dwellings and miscellaneous buildings between transmitting and
receiving locations. '

The close agreement between experimental data and theoretical
calculations as recorded in Figures 5, 6, and Curves B and B’ in Fig-
ure 7 indicate that low buildings and other city obstructions in the
transmission path do not materially affect the relative field strengths
of horizontally and vertically polarized waves. The observations which
did not agree with the theoretical calculations can usually be accounted
for by objects in the vicinity of the receiving location which absorbed
and reflected vertically polarized waves more than they did horizontally
polarized waves.

The author expresses appreciation for the assistance of Dr. G. H.
Brown and Messrs. E. O. Johnson, V. D. Landon, and A. H. Turner in
connection with this investigation.
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AUTOMATIC FREQUENCY AND PHASE CONTROL
OF SYNCHRONIZATION IN TELEVISION
RECEIVERS*t

By

K. R. WENDT AND G. L. FREDENDALL

Research Department, RCA Laboratories Division,
Princeton, N. J.

Summary—One of the problems in the reception of television images s
to provide satisfactory synchironization in the presence of noise. During the
pust several years considerable experience has been galned with respect to
this problem under various receiving conditions. The system of synchroniza-
tion which has given satisfactory results up to the present time has de-
pended for its operation on the reception and separation of individual pulses.
In general, it can be said that with this system satisfactory synchronization
can be obtained from those signals which will in all other respects provide
an entirely acceptable picture. However, for limiting conditions of service,
particularly during euarly operation where field strength may be low, an
improvement in synchronization will be effective and desirable provided
that it does not involve other complicutions or disadvantages.

This paper describes a synchronizing means at the receiver that em-
ploys a new principle in the field of synchronizution. The principle is auto-
matic frequency and phase contirol of the saw-tooth scanning voltages. In
such a system, synchrnoziation depends on the average of many regularly
recurring synchronizing pulses. Noise has insufficient energy at the scanning
frequencies to effect control through the direct-current link from which all
but relatively long-time variations are filtered out.

Ezxperimental reccivers, in which automatic phase and frequency control
of the scanning oscillators has becn incorporated, have operated with high
immunity to noise. The degiree of immunity is of a different order of
magnitude from that found in conventional synchronizing systems.

Noise cannot affect horizontal resolution or interlacing. An intrinsic
property of the new system is perfect interlucing. The return line in an
auntomatic-frequency-controlled system may start before synchromization.

Consideration of this new development indicates that its use would
result in several improvements in television services: (1) when severe noise
conditions occur, an improved picture is obtainable at points within the
present service area; (2) under such noise conditions the useful service area
is extended; (8) the maximum resolution permitted by a television channel
is realizable at locations having low field strengths. It is expected that these
improved results will be attained without increase in the cost of the tele-
vision receiver.

* Decimal classification R583.5.
+ Presented at the Summer I.R.E. Convention, in Cleveland, Ohio, on
July 1, 1942. Reprinted from Proc. I.R.E., January, 1943.
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CONVENTIONAL SYNCHRONIZING SYSTEMS

natural frequencies of the horizontal and vertical scanning oscilla-

tors, in the absence of a synchronizing signal, are lower than the
line or field frequencies, respectively, at the transmitter. The applica-
tion of a transmitted pulse initiates or “triggers” a new cycle of the
oscillator before one would otherwise occur. The period of the hori-
zontal-scanning oscillator is shortened to conform to line frequency
and the period of the vertical oscillator to field frequency. Thus, trig-
gering is required for each successive horizontal and vertical scan.
This is the basic principle of operation of conventional synchronizing
systems.

I[N THE operation of present commercial television receivers, the

Figure 1 shows a scanning oscillator of a typical commercial televi-
sion receiver. A cycle of operation in the absence of a synchronizing
signal is shown in Figure 2. As the grid potential e, of the tube T,

SYNC

8+

Fig. l—Con;entional triggered scanning oscillator.

reaches the cutoff point as a consequence of leakage of charge through
resistance R from the previously charged capacitance C, plate current
i, begins to flow. A short time later, the induced voltage e, causes the
capacitance C to take a large charge which, in turn, lowers ¢, to.a
high negative value. Plate current does not flow again until sufficient
current has leaked through E. The excursions of e;, above the cutoff
point of the tube T, are responsible for the generation of a saw-tooth
wave ¢, in the plate circuit of that tube. ‘

Assume now that a synchronizing pulse e, is applied between point
A and ground in Figure 1. The effect is a premature rise of the poten-
tial e, to the cutoff voltage of T'; as shown in full lines in Figure 3a.
A pulse of plate current i, occurs earlier than in the absence of a syn-
chronizing signal. The dotted wave in Figure 3a shows the variations
of currents and voltages in the absence of a pulse as in Figure 2.
Wave e, may represent current variations in the coils of an electro-
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magnetically deflected tube or voltage variations across the plates of an
electrostatically deflected tube.

The behavior of the triggered oscillator when noise is present in the
signal is the primary interest here. Hence, we shall wish to determine
how the frequency or phase of the scanning voltages are affected when
the picture signal is accompanied by noise peaks which exceed black
level and therefore appear in the synchronizing signal as shown in
Figure 8b. Noise peak “a” superimposed on the normal grid potential
e, curve is insufficient to raise the potential above the cutoff of tube Ty;
hence, the peak is ignored by the oscillator. Noise peak “b”, how-

Ccvr-
oFF

€5,8y,1p—>

Fig. 2—Operation of the scanning oscillator.

ever, does have sufficient amplitude to cause e, to rise above the cutoff
potential, and therefore initiates a new cycle of oscillation pre-
maturely. The legitimate synchronizing pulse at “¢” would have caused
the normal cycle shown in dashed lines. The deflection signal e, shown
in full lines corresponds to the premature synchronization. The dashed
lines represent the desired signal.

If e, represents the horizontal-deflection signal, the observer inter-
prets the misplacement of e, as a line out of the normal position on the
viewing screen. If e, represents the vertical deflection signal, he
observes a vertical movement of the picture.

It will be realized that the immunity of the system to noise is least
when e, is near cutoff because lower noise peaks are sufficient to initi-
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(a)—Operation of scanning oscillator.
(b)—Operation of scanning oscillator when noise is present.
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ate a new cycle of the oscillator. In the event that a synchronizing
pulse is obliterated by noise, the oscillator may remain inactive until
e, reaches the cutoff potential of the tube and thus initiates a new
cycle which is late relative to the normal position. It is clear, therefore,
that triggered synchronizing as described above is subject to noise
limitations that are inherent in the principle of operation.

AUTOMATIC FREQUENCY- AND PHASE-CONTROLLED SYNCHRONIZING
SYSTEMS

Figure 4 is a block diagram of the essential components of an auto-
matic frequency- and phase-controlled synchronizing system. Since the
same principle is involved in the operation of the horizontal and ver-

AFPC CIRCUIT

— o~
-

-
A
PHASE ¢} F SCANNING VER. DEFL,|
FILTER
BlDETECTOR OSCILLATOR| CIRCUITS
—E VER.SYNC
PULIES
TELEVISION
RECEIVER
IJNaA,srmc
= PULSES
-
PHASE ) F | scannine HOR. DEFL.
8 FILTER
ODETECTOR OSCILLATOR|, CIRCUITS

AFPC CIRCUIT

Fig. 4—Block diagram of an automatic frequency- and
phase-controlled system.

tical circuits, it is unnecessary to specify a particular circuit. The
phase detector receives the synchronizing signal at A and a saw-tooth
wave at B taken from the output of the scanning oscillator. A control
voltage produced at D by the phase detector contains information re-
garding the phase of the saw-tooth wave relative to the synchronizing
pulses. The phase detectors described below respond to changes in
relative phase that may exist at the time of arrival of each pulse.
However, only the slowly varying components of the control voltage
are passed by the filter following the phase detector. Rapid variations
corresponding to rapid or erratic changes in relative phase are elim-
inated. Thus, the control voltage at F may be regarded as a direct
voltage which is applied to the scanning oscillator in order to restore
the phase of the oscillator relative to the synchronizing pulses when
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there is a long-time trend in phase away from the equilibrium state
established by the speed control of the scanning oscillator. Such
changes in phase and frequency of the saw-tooth as occur as a result
of the action of the control voltage are conducted back to the phase
detector through the feedback path in order to provide further cor-
rection.

In the presence of noise of sufficient magnitude, the phase detector
may register the relative phase of a noise peak and the corresponding
saw-tooth cycle. Such spurious components in the control voltages at
D usually lie in the range of frequencies beyond cutoff of the filter
and are therefore effectively removed from the voltage at F. The
noise immunity of automatic frequency- and phase-controlled circuits
is a consequence largely of the action of the filter. Further insight into
the theory of automatic frequency- and phase-controlled synchroniza-
tion may be obtained from a more detailed account of the operation
of specific circuits.

RECEIVtR PHASE OETECTOR FILTER SCANNING OSCILLATOR

SYNec,
SIGNAL

1]

-f-——==

Fig. 5—Automatic frequency- and phase-controlled circuit.

Figure 5 shows a circuit which may be used for automatic fre-
quency and phase control of a horizontal or a vertical oscillator. Here,
synchronizing pulses are supplied to the terminals A,-A, of the phase
detector by means of a balanced circuit. A fraction of the output of
the scanning oscillator is introduced at point B of the phase detector
in order to form the composite signals shown in Figure 6(a) and (b).
In practice, when the automatic frequency- and phase-controlled system
is-in equilibrium, the synchronizing pulse must occur sometime during
the return line, that is, during the steep portion of the saw-tooth wave.
This restriction is necessary for the viewing of a television picture in
the correctly framed position on the screen of the cathode-ray tube.

If it is assumed that a state of equilibrium is attained, the condi-
tion is maintained in the following manner. Tubes T; and T, are diode
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rectifiers which may be idealized for simplicity of explanation. We
shall assume that the circuit composed of the resistance R, and the
capacitance C,, associated with the diode T, maintains a potential
variation (Figure 6(c)) at the cathode of the diode that resembles the
wave in Figure 6b in every respect except that the peak amplitudes
of the pulses are definitely located at — E; volts. In popular terms,
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Fig. 6—Composite signals for possible equilibrium position.

the diode is said to “set direct current.” The values of R, and C, must
be chosen with the view of causing T, to act as a direct-current setter
or peak rectifier.

In a similar manner, the diode 7', in combination with its associated
elements R, and C, maintains the potential variation at the plate of
T, as shown in Figure 6¢ in which the peak amplitude of the synchron-
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izing pulse is maintained at a potential of — E volts with respect to
ground. The potential with respect to ground of the mid-point of the
resistance R, shown in Figure 6(d) is the average of the potentials at
the end point of R;. An important observation to be made in Figure
6(d) is that the synchronizing signal is balanced out. This leads to
the conclusion that the waveform and the direct-current component of
the signal at point D are independent of the amplitude assumed for
the synchronizing signal, but that the direct-current component is
dependent upon the phase relation of the synchronizing signal and
saw-tooth wave.

The low-pass filter in the plate circuit of the amplifier tube T,
transmits the direct-current component of the signal at point D and
greatly attenuates the alternating-current components. The amplified
direct-current component or control signal at point F is applied as a
positive bias to the grid of the scanning oscillator tube T,. The fre-
quency of the oscillator is a function of the grid bias. Consequently,
the saw-tooth wave generated by tube T, has a frequency controlled
by the resistance R,; and the control voltage at point F. This signal is
applied to the phase detector at point B by way of the feedback path.

The capability of the circuit for controlling the frequency and phase
of the saw-tooth wave may be understood with the aid of Figure 7.
Assume, as was done above, that Figure 6 expresses a state of equi-
librium in the circuit and that the frequency and phase of the saw-
tooth will remain indefinitely as shown if the circuit is not disturbed.
Let Figure T(a) represent a departure from the equilibrium condition
as a result of some disturbance such as drifting in the values of cir-
cuit constants or voltages. The relative phase of the synchronizing
signal and the saw-tooth wave differs from the equilibrium phase rela-
tion (Figure 6(a)) by an amount AT. As before, the peak rectifiers
hold the peaks of the synchronizing signal at a potential — E,. Hence,
the alternating-current axis of the control signal at point H (Figure
7(d)) is lowered by an amount AE. The direct-current component at
point H therefore amounts to — (E, 4+ AE) volts or an increment of
— AE volts over the equilibrium value in Figure 6(d). This increment
tends to increase the frequency of the oscillator and thus to shift the
"saw-tooth wave toward the position of equilibrium. Similarly, a depart-
ure from equilibrium shown in Figure 8(a) and (b) gives rise to an
increment of 4 AFE volts in the control voltage which acts to decrease
the frequency of the oscillator and thus again restore the equilibrium
of the circuit.

The amount of control or hold-in power available for overcoming


www.americanradiohistory.com

SYNCHRONIZATION 211

phase and frequency deviations of the saw-tooth wave is proportional
to the gain of the direct-current amplifier and to the difference between
the direct-current components of the control signals at H correspond-
ing to the two extreme phase conditions. Extreme conditions occur
when a synchronizing pulse occurs either at the maximum or minimum
points of the saw-tooth wave. This difference is equal to the amplitude
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Fig. 7—Phase of saw-tooth delayed from equilibrium position of Fig. 6.

of the saw-tooth signal introduced at point B except for negligible
voltage drops in the phase-detecting circuit.

When noise is present in the synchronizing signal, the voltage across
the terminals A,-A, contains noise pulses which have been passed by
the synchronizing separators as sketched in Figure 9(a). The peak
amplitude of some noise pulses exceed the bias voltage of the diodes
and cause diode current to flow. Hence, the signal at point H resem-
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bles the erratic saw-tooth wave shown in Figure 9(b) in which the
noise pulses themselves are balanced out. The filter in the plate cir-
cuit of Ty transmits only the direct-current component and the slowly
varying components of the grid voltage. All components above a few
cycles per second in frequency are effectively suppressed. The slowly
varying components represent a persistent trend in the alternating-
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Fig. 8 —Phase of saw-tooth advanced from equilibrium position of Fig. 6.

current axis away from the equilibrium position and give rise to a
change in the control voltage applied to the oscillator. The resulting
deviation in the phase and frequency of the oscillator is automatically
minimized by the restoring effect of the automatic frequency- and
phase-controlled circuit.
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Almost identical constants have been used in the filters for the
horizontal and vertical circuits. The response of the filter is reduced
to about one third for a sine wave of 1 cycle per second and the
response to 60 cycles is practically zero. Therefore, individual scan-
ning lines cannot be perceptibly displaced with respect to neighboring
lines. That is, the horizontal oscillator cannot respond to noise fast
enough to impair horizontal resolution. In general, a triggered oscil-
lator is sensitive to noise to an extent that horizontal resolution is
decreased. Likewise the response to 30 cycles is so low that interlace
is essentially perfect, even in the presence of severe noise or an imper-
fect vertical-synchronizing signal.

Another form of phase detector is shown in Figure 10. This cir-
cuit uses four diodes and is inherently balanced, except for second-
order effects. The circuit is more complicated than the two-diode
circuit of Figure 5 but is somewhat easier to set up and adjust. The

s
P4 £ SYNC. PU‘I‘._S S

TIME

Fig. 9—Synchronizing signal and control signal when noise is present.

principle of operation is the same as the two-diode circuit, although the
details are different, and a description can be given more easily in
another manner. The four diodes may be considered as a single-pole
single-throw switch which connects the output capacitance C; to the
input circuit resistance R, during the synchronizing pulse interval.
This is accomplished as follows: the four diodes may be considered as
a bridge in which synchronizing pulses are applied in push-pull across
the diagonal AB with polarities such as to cause current conduction in
each diode. A direct-current biasing voltage, that maintains all diodes
in the nonconducting stage during the intervals between pulses, is built
up across the combination R,C,;. This circuit is complete in itself; no
battery is needed. The two corners C, D of the bridge are connected
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to the input and output circuit, respectively. It will be noted that each
of these corners connect within the bridge to both a cathode and an
anode. Thus, when the diodes are in a conducting state, current may
flow in either direction between the input and output circuits. Capaci-
tance C, in the output circuit receives a charge which brings the poten-
tial at point C nearly to the value existing at the input point D during
the synchronizing pulse interval. This voltage will, of course, depend
upon the phase of the synchronizing pulse and the saw-tooth signals.

In the circuit of Figure 10, the signal at C contains neither of
the input signals but only a direct-current component which is cor-
rected once during each pulse in accordance with the phase relation
between the input signals. This voltage controls the output of the

PHASE DETECTOR SCANNING  OSCILLATOK

®
+

B 1
SYNC.
SIGNAL g

DEFLECTION
OUTPUT TUBE b
PLATE % Rz

Fig. 10—Four-diode automatic frequency- and phase-controlled circuit.

direct-current amplifier which acts through the feed-back loop and
causes the phase of the saw-tooth wave to vary until an equilibrium
is reached. This equilibrium occurs on the positive slope of the saw-
tooth. In order that the phase relation for a properly framed picture
shall exist, the saw-tooth applied at point D must have the polarity
for which the return-line portion has a positive slope. The reason for
this requirement may be seen by tracing the operation of the circuit.
Assume that the local oscillator is out of equilibrium in such a direc-
tion that its frequency is low. The return line (positive slope) of the
saw-tooth will occur late, as shown dotted in Figure 11 and the syn-
chronizing pulse will occur at a more negative point as shown at B,
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rather than at A. The potential of capacitance C, then becomes more
negative and the plate of the amplifier tube becomes more positive
with the result that the frequency is increased and the equilibrium
restored.

The circuits shown in Figures 5 and 10 require the application of
saw-tooth signals of opposite polarity to the phase detector. Further-
more, the signal applied to the direct-current amplifier in Figure 5
contains a saw-tooth component whereas the circuit of Figure 10 does
not. Either circuit could be changed to operate the same as the other
in these two respects by reversing the input and output connections
of the phase detector. There are many possible variations in phase
detectors. However, the two described have been used satisfactorily
and serve to illustrate the important characteristics of this portion of
an automatic frequency- and phase-controlled system.

OUTPUT
LATE SAWTOOTH oc

> ™~ N '
4 / !
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A \ ’ \ \ NE GATIVE

>

SYNC.

Fig. 11—Equilibrium and off-equilibrium conditions for four-diode circuit.

In an automatic frequency- and phase-controlled system there is an
approximate equivalent to the degree of lock-in of a tripped oscillator.
The tripped oscillator is locked in tighter when the amplitude of the
synchronizing signal is increased. Greater susceptibility to noise is
noticed in the tightly locked-in oscillator. In the automatic frequency-
and phase-controlled system the amplitude of the synchronizing signal
is relatively unimportant but the alternating-current gain from the
phase detector to the oscillator influences the speed with which the
oscillator may be changed in frequency, that is, the tightness of lock-in.
If the automatic-frequency and phase-controlled oscillator can be
shifted rapidly, relatively few pulses are required to obtain control and
noise is averaged out over a short period. Conversely, if the gain is
low, many consecutive pulses are necessary to obtain control and
noise is averaged out over a long period, a condition which is obviously
desirable. A low alternating-current gain, unfortunately, has another
effect; i.e., when the receiver has just been turned on, or for some other
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reason is completely out of synchronism, the time for pulling into syn-
chronism may be excessively long.

The mechanism of pull-in in an automatic frequency- and phase-
controlled system may be outlined as follows: Assume that when no sig-
nal is received, the speed-control setting is such that the frequency of
the oscillator deviates from synchronous frequency by a small amount.
When a synchronizing signal is received, the phase detector generates
an alternating-current wave, the frequency of which is the difference
frequency of the synchronizing signal and the locally generated saw-
tooth wave. If the difference frequency is attenuated strongly by the
filter, there is little or no tendency for the oscillator to pull in since
no direct-current control signal is generated. If the filter is such that
some components of control voltage are passed without excessive phase
shift and attenuation, the frequency of the oscillator tends to follow
tHe instantaneous value of the control signal.

When the oscillator is pulled toward synchronism, the momentary
difference frequency is decreased and the oscillator tends to remain
longer in this phase than in the opposite phase during which the differ-
ence frequency is increased. This amounts to a distortion of the con-
trol signal which produces a new axis of the control voltage in the
direction to pull the oscillator toward synchronism. The oscillator may
be said to take three steps toward synchronism and two away, the
sequence continuing until the deviations become sufficiently small and
the oscillator falls into synchronism. Low phase shift through the fil-
ter and appreciable alternating-current gain are favorable for rapid
pull-in. However, since the system employs a feedback loop, care must
be taken to avoid self-oscillation. These requirements have led to the
unusual filter, shown in Figures 5 and 10.

An automatic frequency- and phase-controlled system, unlike a
triggered system, is not limited to a single phase relationship between
synchronizing and deflection. That is, the blanking bar may be caused
to occur, tightly locked in, anywhere on the screen. This means that
the deflection-return line may start at the beginning of the “front
porch,”! ahead of the synchronizing pulse, thus greatly easing the
return-line time requirements in the deflection system. Shifting of the
blanking bar is accomplished as follows: Equilibrium, as previously
stated, occurs with the synchronizing pulse located on the return line
of the saw-tooth signal applied to the phase detector. This saw-tooth,

1The term “_fropt porch” refers to the part of the synchronizing signal
between the beginning of the blanking signal and the front edge of the
synchronizing pulse.
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however, need not be taken directly from the oscillator. The steep edge
of the original saw-tooth wave may easily be delayed and, since the
synchronizing pulse occurs in equilibrium on this delayed edge, the
blanking bar must necessarily occur after the oscillator has tripped.
An appropriate delay for horizontal deflection occurs automatically if
the saw-tooth is made by integrating the pulse on the plate of the
deflection tube, the delay being caused by the deflecting coil itself.

EXPERIMENTAL RECEIVERS
Several experimental receivers incorporating automatic frequency-
and phase-controlled circuits have been constructed. These have been
tested both in the laboratory and the field and have given remarkably

-~
"

Fig. 12—Automatic frequency- and phase-controlled receiver—
interference from high-frequency buzzer.

superior performance over conventional receivers for limiting condi-
tions of service. Some pictures were taken in an attempt to show this
difference but obviously it is impossible to convey accurately informa-
tion regarding accuracy of synchronization by means of a still photo-
graph. Figure 12 shows a test pattern received by an automatic-
frequency and phase-controlled receiver when operating with a signal
above the hiss level but with interference from a high-frequency buzzer.
The interference can be seen only as short black lines, and the figure
serves mainly to show the resolution and interlace obtained essentially
in the absence of noise. Exposure for this and the other test-pattern
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Fig. 13—Conventional receiver—hiss noise.

pictures was approximately 1/15 second, or 2 frames.

Figures 13 and 14 are test patterns showing the relative synchron-
izing capabilities of a conventional receiver and an automatic fre-
quency- and phase-controlled receiver in the presence of about equal
amounts cf hiss noise. The loss of horizontal resolution and lack of
interlace are plainly evident in Figure 13. Resolution in Figure 14 is
limited only by the modulation of the kinescope by noise. This obser-
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Fig. 14—Automatic frequency- and phase-controlled receiver—hiss noise.

www americanradiohistorv com


www.americanradiohistory.com

SYNCHRONIZATION : 219

Fig. 15—Conventional receiver—interference from electric razor.

vation was made when a noise-free driven synchronizing signal was
substituted but the picture signal left unchanged. Interlacing in Fig-
ure 14 is not perceptibly affected by noise.

The interference in Figures 15 and 16 was caused by an electric
razor. Synchronization in Figure 15 (conventional receiver) is lost
entirely during severe noise peaks. Horizontal resolution is also seri-
ously affected. Figure 16, received on an automatic frequency- and

I'ig. 16—Automatic frequency- and phase-controlled receiver—
interference from electric razor.
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phase-controlled receiver, does not exhibit the loss of resolution seen
in Figure 15.

The operating characteristics of an automatic frequency- and phase-
controlled receiver and of a conventional receiver are quite different.
During severe noise conditions a picture synchronized by automatic
frequency and phase control remains together as a whole but may
appear to move slightly about the equilibrium position in a random
manner. Single lines or groups of lines cannot tear out horizontally
because the filter in the horizontal circuit does not pass components of
the control signal which would cause abrupt changes in oscillator speed.
When synchronizing signals are obliterated for an appreciable length
of time, the vertical and horizontal oscillators run at the free-running
speed until synchronizing is re-established. When the receiver is prop-
erly adjusted, the free-running speeds are equal to or very close to the
synchronous speeds, a condition which favors pull-in.

Automatic frequency- and phase-controlled synchronization is not
entirely without disadvantages. For instance, reasonably good stability
must exist in the synchronizing generator at the transmitter. How-
ever, the tentative standard recommended by the Federal Communica-
tions Commission is deemed entirely adequate and present synchroniz-
ing generators are well within the recommended standard. Also, since
the system is slow to fall out of synchronism, it is likewise slow to
pull into synchronism. For instance, during a local thunderstorm, when
a multiple lightning stroke obliterates the signal for a considerable
portion of a second, the oscillators may fall out of synchronism and
require as much as a second to resynchronize.

The system is sensitive to line-voltage variations unless glow-tube
regulation is used. The regulated power required is small, however,
and the chief objection is that occasioned by the extra tubes and
sockets.

CONCLUSIONS

Superior reception resulting from the use of automatic frequency-
and phase-controlled synchronizing has been experienced in field tests
under conditions of severe noise such as may exist occasionally even
within the normally useful service area of a television station. Hori-
zontal resolution is found to be limited only by modulation of the
kinescope by noise. Noise does not destroy interlacing of scanning
lines. Tearing of the picture in horizontal strips and rapid vertical
movement which may occur in a conventional receiver during severe
noise bursts are essentially eliminated by the long time constants of an
automatic frequency- and phase-controlled system.

www americanradiohistorv com


www.americanradiohistory.com

RADIO-FREQUENCY-OPERATED HIGH-VOLTAGE
SUPPLIES FOR CATHODE-RAY TUBES*t

By
O. H. SCHADE}

Research and Engineering Department, RCA Manufacturing Company, Inc.,
Harrison, N. J.

Summary—The operation of tuned step-up transformers in self-excited
oscillator circuits as high-voltage sources for kinescopes is analyzed. Gen-
eral information and data are given for optimum radio-frequency-trans-
former design and operating conditions with specified rectifier loads.
Practical high-voltage supplies are illustrated ranging from 1 to 50 kilovolts
with power-output values of one-quarter watt to 50 watts, respectively.
The performance of these supplies in television equipment is discussed.

INTRODUCTION

potential direct-current sources, ranging in voltage from less
than 1 kilovolt for iconoscopes to 30 kilovolts and higher for
projection kinescopes. -

The conventional high-voltage supply consists of an iron-core step-
up transformer energized from the 60-cycle power line, and a rectifier
circuit with smoothing filter. Mechanical and insulation problems make B
it difficult to construct small 60-cycle transformers with tightly packed
windings for voltages exceeding approximately 5 kilovolts. Practical
transformers, therefore, are relatively large and heavy and can furnish
currents considerably in excess of the usual requirements.

The use of high-frequency-power sources permits a substantial
reduction in transformer inductance and results in a relatively simple -
transformer construction. The input power is generated by vacuum-
tube oscillators, which automatically limit the possible power output.
This characteristic and the low-energy storage in the small smoothing
reactances permit the construction of safe supplies provided the cur-
rent requirements are not too high.

The theory of tuned step-up transformers points out the necessity
of constructing unusually high-impedance secondary circuits to obtain

THE operation of cathode-ray tubes for television requires high-

* Decimal Classification: R583 X R3856.1.

+ Presented at the Sixteenth Annual I.R.E. Convention in New York,
N. Y., on January 10, 1941 and at the Winter Conference, New York, N. Y.,
January 28, 1943. Reprinted from Proc. I.R.E., April 1943.

1 Now with the Tube Department, RCA Victor Division, Harrison, N. J.
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efficient operation. The design of optimum high-voltage coils is, there-
fore, of prime importance in the construction of practical radio-fre-
quency-operated supplies.

A brief analysis of tuned step-up transformers in sgelf-excited
oscillator circuits with rectifier loads will furnish design data for the
various circuit components and show their influence on the perform-
ance of the high-voltage supply.

THE TUNED STEP-UP TRANSFORMER

The exciting current of a transformer is determined by the reac-
tance of the primary winding and its power factor. The power factor
is expressed at radio frequencies by its reciprocal value, the @ value
of the reactance. The loss component may be represented as a series
resistance » or a shunt resistance R (Figure 1). For Q values greater
than 5,

s -wk o L
s T =¥ =3

of resonance: 24 = Qul =R

Fig. 1—Power factor and impedance of tuned circuits.

X
r=-— |Q>5and
Q (1
X=oLorX= 1/0)C.
R =0X

The magnetizing current of the transformer is canceled with
respect to the power source by the operation of tuning the transformer
primary. The resonant impedance, hence, of a tuned circuit is

Zy,=R. (2)

The secondary of the transformer is tuned by the natural circuit
capacitances consisting of distributed coil capacitance, diode capaci-
tance, and stray capacitance. The secondary circuit has, therefore, a
natural frequency o, which determines the operating frequency of the
transformer.

A high-voltage radio-frequency transformer is a special case of
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two coupled tuned circuits. The method of coupling is in general
immaterial; the circuit however, must be suitable for stable self-
excited oscillations, maintain a substantially constant secondary volt-
age under considerable external load variations, and load the oscillator
efficiently.

The use of critical coupling
Kczl V QIQH (3)

furnishes a maximum voltage step-up for the no-load condition

E.E, =N Z,/Z, (4)
IO_ ‘
- /l\ KeKez0.6 To
0.7 (W) 2wy = wg)
0.5 I/\ wa I

B
K3 Ke=25Te
FOR wo x wo,

RERZ72RNAN

0.5 1.0 1.5

Fig. 2—Frequency characteristics of coupled circuits.

but it is not suitable for variable loads, because of its dependance on
the Q value and impedance of the secondary circuit (equations (3)
and (4)). The maximum energy transfer into the secondary circuit is
limited to 50 per cent of the power input to the primary circuit. The
stability of the secondary voltage can be greatly improved by increas-
ing the coupling to a value K >> K, for a fully loaded circuit. The
theoretical efficiency limit then can increase to 100 per cent.

The overcoupled circuit has two coupling frequencies »; and o,
which cause a double-hump resonance curve as shown in Figure 2.
The spread of the peaks depends on the coupling,

1— (w1/w3)?
K— - .

= (5)
1+ (01/wy)?
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TUNING CHARACTERISTIC
FOR K>» K¢

Fig. 83—Oscillator circuit for K < K., and unsuitable tuning
characteristic when K >> K..

The relative amplitude of the peaks depends on the relative frequencies
wg; and wgs to which the circuits are originally tuned before coupling.
It is, hence, possible to control the secondary voltage E, by changing
the primary tuning without change of coupling or of secondary tuning.

The best voltage stability for variable loads is obtained by operation
at the lower coupling frequency, and maximum energy is obtained for
a tuning adjustment wy; = wgs. The latter adjustment, however, is not
critical. It is, therefore, the desirable operating condition of the cir-
cuit. The voltage step-up is reduced to approximately one half of the
maximum obtainable in order to provide high efficiency and good
voltage regulation. The latter is in the order of 7 to 15 per cent from
no load to full load when the output is measured at the direct-current
terminals of practical kinescope supplies and includes oscillator per-
formance. A coupling of K = 20 K, is required 4t full load.

REQUIREMENTS FOR SELF-EXCITATION, INDUCTANCE, AND Q VALUES

Self-excitation with feedback from the primary winding causes an
unstable tuning characteristics as indicated in Figure 3. A stable oscil-
lation characteristic requires coupling of the grid-circuit inductance L,
to the secondary circuit L, as shown in Figure 4. The circuit oscillates
at the lower frequency peak «; when the winding directions between
L, and Ly are as in normal oscillator circuits. Reversal of L, or L,
causes stable oscillation at w,.

l} '
y S LS
S O

Fig. 4—Oscillator circuit for all values of K, and stable
characteristic when K >> K..

W e —

STABLE OSCILLATIONS AT
w; OR w,; DEPENDING ON
PHASE OF FEEDBACK
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The full-load @ values of primary and secondary circuits should be
high to obtain a large degree of over-coupling (K ~ 20 K_,) with mod-
erate values of K which cannot be made very large because of insulation
requirements (K == 25 per cent).

Desirable values are

Q; = 10 when transformer is shunted by the
reflected plate load E, (6)

Q;; = 20 when transformer is shunted by the
equivalent rectifier load Rj.

Corresponding inductance values are

Fig. 5—Rectifier circuits for kinescope supply voltages E: and E.
oL, = 0.1R,
sz é O-OSRL. (7)
The no-load Q values should of course be considerably higher than
the full-load values. A loss of 10 per cent per circuit requires ten times
the @ value given in (6); i.e.,

Q11 =100; Qo = 200. (8)

THE EQUIVALENT RECTIFIER LOAD

The equivalent rectifier load R; depends on the rectifier circuit,
three types of which are shown in Figure 5. The alternating-current
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load R/, is determined by the direct-current load resistance K, the direct-
current output voltage K, and the alternating peak voltage E. applied
to the rectifier tubes.

(B.):R
R, =— (9)
2E?

R, =1/2R for half-wave rectifiers

R, =1/8R for voltage-doubling circuits. (9a)

The direct-current load resistance E of a supply furnishing 1 mil-
liampere at 10 kilovolts is B =10 megohms. The secondary circuit
feeding a half-wave rectifier must, therefore, have an impedance Zy=
R =10R,, i.e., 50 megohms for a secondary loss of 10 per cent. Sec-
ondary circuits of such high impedance are too expensive and large
for practical use and efficiency is, therefore, sacrificed in favor of size
and cost as shown later. Equation (9a) points out the advantage of a
doubling circuit, from an efficiency standpoint, because it requires only
one fourth the circuit impedance. The circuit of Figure 5(¢) is similar
to a doubling circuit, except that D, rectifies only part of the coil
voltage. The voltage £ tap is made slightly lower than the desired
focusing potential E, for electrostatic types of kinescopes. E, is
adjustable by means of the poteniometer P, which allows the addition
of B-supply voltage to the radio-frequency voltage. This circuit has
a high efficiency, because it does not dissipate power in a bleeder
resistance. It maintains also a very stable voltage at increased first-
anode current.

THE REFLECTED PLATE LOAD

The primary-circuit constants are determined after the secondary
coil has been designed from the operating frequency, the total power
output P.O. to be supplied by the oscillator, and the oscillator peak
voltage swing E,. From these, the reflected load,

(8,)

R, = . (10)
2P.0.

The primary reactance «L, is then obtained from (7). The problem of
designing an optimum high-voltage coil and determining its operating
frequency may be approached in the following manner.,
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HiGH-VoLTAGE CoiL DESIGN

Physical Dimensions

The physical size of the coil depends on the required minimum
sparking distances and the power which must be dissipated. The latter
is at first unknown. A coil of desirable size for the particular purpose
is hence chosen and given a copper cross section consistent with voltage
requirements and high-Q values. The winding is subdivided into pies
(Figure 6) with approximately 5 turns per layer, the pie spacing being
somewhat less than the pie height in order to maintain the same
potential gradient between coils as inside the winding. The coils
should be supported by strips of insulating material or by an inpreg- .
nated paper tubing, which is perforated to permit free circulation of

1

”

=19

- l'/4"—-l

Fig. 6—Dimensions of high-voltage coil for 10 to 15 kilovolts.

air and to reduce dielectric losses. The coil size indicated in Figure 6
will dissipate approximately 6.5 watts in a horizontal position.

DESIGN FOR OPTIMUM ELECTRICAL CHARACTERISTICS

The power loss in the coil is given by
P—(E.,)*/R. (11)

The equivalent shunt-loss resistance R at resonance (see Figure 1 and
(1)) can be written R= L/+C. Thus,

rC
P= (Ez)zT (11a)

-
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For given values of secondary voltage E, and tuning capacitance C,
which should be as small as possible, a minimum for the power loss
requires a high L/r ratio. At low frequencies, this ratio has a constant
value, depending only on the total copper cross section of the coil and
its shape. At higher frequencies, the coil resistance r increases because
of eddy currents, as follows:

r=r1e(1+ k?) (12)
where k is the eddy-current factor expressed as

0.04N"d®
h=—f
!

and 7, ==direct-current resistance, ohms
0.04 = constant for particular coil shape
N’ = total number of insulated wire strands in cross section of coil
d = strand diameter, inches
! = effective length of coil (¢ + b in Figure 6), inches

f = frequency, cycles per second.

It is apparent from (12) that operation at high frequencies requires
a small wire or strand diameter d. If it is desired to use Litz wire, we
may select No. 41 enamel wire as the smallest desirable wire for
strands, but are at liberty to use a single wire or parallel wires (Litz)
per turn, thus being able to vary L and f without affecting the copper
cross section or any of the remaining factors which determine k in
(12). The coil in Figure 6 contains 4200 strands of No. 41 wire in its
cross section; i.e., it may be given as 4200 turns of single No. 41 wire
or 2100 turns with 2 parallel strands of No. 41 wire, etc. The tuning
capacitance C is estimated to be C =7 micromicrofarads (coil capaci-
tance =3 micromicrofarads). '

The lowest operating frequency of the circuit with N = 4200 turns
(L =387 millihenries) is 96 kilocycles, at which the eddy-current
factor k2 has still a negligible value (k= 0.037). The equivalent shunt
resistance R has, therefore, the optimum value obtainable with this
coil size: R = 22.5 megohms but the value of @ is only 97. Figure 7
shows the results of paralleling strands to vary L and f as explained
above. The shunt resistance R decreases to 50 per cent of its optimum
value at the frequency where @ goes through a maximum.
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A good compromise between efficiency and voltage regulatiop, which
depends on coupling and @ values as explained, indicates 1400 turns of
8-strand Litz wire with L = 43 millihenries, a resistance BR=17.5
megohms, @ =227, and an operating frequency f=288 kilocycles.
Other factors, such as winding time, cost of wire, etc.,, may influence
this choice. The maximum peak voltage for P = 6.5 watts is, hence,
E . = 15 kilovolts for this coil.

TUBES AND CIRCUIT ASSEMBLY

Efficient operation of the oscillator tubes requires class C excitation
and low plate-voltage loss. Beam power tubes such as the 6L6 and
6Y6G are, therefore, especially suitable for use at low supply voltages.

FOR COIL DIMENSIONS, SEE FIG.6 " SPECIFIC VALUES FOR COIL
TUNING CAPACITANCE CzTuuf OF FIG.6
TOTAL STRANDS N'=4200 Ne::‘u EnWIRE WIRE = 3/41's LITZ
= N = 1400
12|~ TOTAL TURNS N =goorpaRALLEL STRANDS i AT .
Qopt =265 (=500 Kc) £ = 288 KC
Ropt = 22.5 MEGOMMS (£ <00 KC) R = 17.% MEG.
" | ] | Q= 227
w 100
=.86 3
3 ZorR~] (9803
1
2 78
37 v |
3 R=.78 Ry,
2 .
a
o o . \
* /
25, /
.
NUMBER OF PARALLEL STRANDS
! il 21 ol t $
o 100 200 300 400 500 600

FREQUENCY {f ) -KILOCYCLES

Fig. T—Efficiency and @ values of coil (Fig. 6) versus number of
strands per turn for a fixed product (strands X turns).

The 6Y6G can furnish 15 watts power with 75 to 85 per cent efficiency
at voltages between 300 and 375 volts. The grid-leak bias should be
E, = 2FE,, The screen-grid voltage is made self-regulating by a series
resistance B, (Figure 8). It varies from approximately 65 volts at no
load to 120 volts at full load and, thus, aids the voltage regulation of
the supply. Larger output powers require parallel operation of tubes.

HiGH-VOLTAGE RECTIFIER TUBES

Standard high-voltage rectifiers such as the 2X2 or 2V3-G require
considerable heater power and are not designed for high-frequency
operation. The development of special diodes for rectification of high
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radio-frequency voltages was therefore indicated. The RCA-8016 re-
quires a cathode power of only one-quarter watt and thus permits
economical radio-frequency heating from the oscillator source.

SMOOTHING FILTER REQUIREMENTS

The filter capacitances have small values because of the high oper-
ating frequency (300 kilocycles for a 10-kilovolt supply). In contrast
to conditions with 60-cycle operation, the ripple voltage is determined
substantially by the ratio of the sum of diode and stray capacitances

TICKLER

HIGH VOLTAGE COIL
FRACTIONAL TURN

D, = DEVELOPMENTAL
& DIODE

'.-CABLE SHIELD

E, (RIPPLE=
4.2v. PEAK)

TYPE 6Y6-G

80000
r ( OHMS -
—AMNV————=E,(RIPPLE =

0.4V. PEAK)
.004 .0005

5 uF I sty

OPERATING CONDITIONS (APPROX.)

Eg Ig Ec, Ec, E) | E2 I
VOLTS  MA. | VOLTS | VOLTS | Kv. | KV. MA,
+325 31 +68 -36 | 2 [06 ©
+325 62 +115 9.4 095

Fig. 8 —Circuit and operating conditions of the 10-kilovolt
supply for kinescopes.

to the filter-condenser capacitance. The actual ripple percentages must
be of considerably lower value than in 60-cycle filters to avoid capaci-
tive coupling and interference with receiver operation. Typical values
are given in Figure 8 for a 10-kilovolt kinescope supply.

CIRCUIT ASSEMBLY
The particular form of the transformer assembly depends on the
type of circuit and the required sparking distances. Typical assemblies
are shown in the sketches of Figure 9. The operation at high radio-
frequency voltages emphasizes corona effects because of increased
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Fig. 9—Typical high-frequency transformer assemblies.

dielectric losses in ionized air. The fine-wire, high-potential ends of
transformer windings, must, therefore, be protected against power
loss and destructive effects due to corona by guard rings or conductors
of sufficient radius of curvature as illustrated in Figures 9 and 10. This
requirement also includes diode terminals and filter circuit.

DEVELOPMENTAL VOLTAGE SUPPLIES

A very small voltage supply for iconoscopes is shown in Figure 11.
It was built several years ago for battery operation and is housed in a
coil shield 2Y%% inches in diameter. The 955 oscillator tube takes 8
milliamperes at 180 volts to supply 1 kilovolt to a bleeder circuit and
iconoscope. The operating - frequency is 1.2 megacycles. The small
diode is an experimental tube. The larger kinescope supply shown in
Figure 12 operates between 7 kilovolts and 12 kilovolts and measures
73% X 4% X 9 inches. The supply includes the oscillator tube, which
is separated by a heat shield from the transformer assembly. The
housing is ventilated at the oscillator but otherwise closed, to prevent

HIGH VOLTAGE SOCKET

RESISTOR
F RONA
/ CORONA SHIELO POINT OF CORO

GOOD CABLE CONNECTION POOR CABLE CONNECTION

Fig. 10—Corona shielding of cable connections,
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Fig. 11—A 1-kilovolt high-voltage supply for iconoscopes.

dust precipitation on the high-voltage conductors. Operating data are
given on the circuit diagram in Figure 8.

A 30-kilovolt projection-tube supply with separate oscillator for
the focusing voltage is shown in Figure 13. Transformers and rectifier
assembly are housed in dust-tight shields. The outside dimensions of
the second anode supply are 11 X 11 X 12 inches high. The focusing
voltage can be varied from 4 to 7 kilovolts by tuning the primary of
its oscillator circuit. The main second-anode supply employs a voltage-
doubling circuit energized by three parallel 6Y6G oscillator tubes. Both
supplies are operated in series to maintain a desired voltage ratio
under varying load conditions. Circuit and performance are shown in
Figures 14 and 15.

Fig. 12—A 10-kilovolt high-voltage supply for kinescopes.
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Fig. 13—Arrangement of a 30-kilovolt voltage-doubling circuit.

A number of radio-frequency-operated supplies for various voltages
have given trouble-free service in the laboratory and in television
equipment. Voltage stability and focus regulation under actual oper-
ating conditions are quite satisfactory. Little difficulty was experienced

-
SECOND-ANODE SUPPLY

rﬁl;:’soo-moouur 815 e

FOCUSING VOLTAGE SUPPLY

-

50000
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.0004
e

J600-1600
M BpE
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Fig. 14—Circuit of the 30-kilovolt supply for projection kinescopes.
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in preventing oscillator interference with television equipment but
isolating resistors or chokes may be required when -a single source «f
filament or B supply is used.

CONCLUSIONS

Actual performance has proved that high-voltage supplies energized
by vacuum-tube oscillators at high frequencies are practical as kine-
scope and iconoscope supplies. The obtainable power output is limited
by the oscillator power. This method permits the construction of safe
supplies, where the current requirements are not too high. This low-
power reserve also protects the kinescope and rectifier in case of spark-
over or accidental short circuits because of the small short-circuiting
current. It must be remembered, however, that currents of dangerous
magnitude are obtainable, depending on the voltage step-up and the

——3 PARALLEL OSCILLATOR TUBES IN E,-SUPPLY
———2 o o " ooy
40 = 400
375V, Eg 360V
Tt —~
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o0 ] 2
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Fig. 15—Regulation characteristics of the 30-kilovolt supply.

oscillator power. For such conditions, due precautions for safety must
be taken.

The cost of high-frequency-operated supplies compares favorably
with 60-cycle supplies when the oscillator power is moderate and when.
consequently, small oscillator tubes can be used. Kinescope supplies

for voltages up to 30 kilovolts and approximately 50 watts output are
in this range.
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A TYPE OF LIGHT VALVE FOR TELEVISION
REPRODUCTION*t

By

J. 8. DoNAL, JR.# AND D. B. LANGMUIRY

Summary—The desivability of o light valve for the reproduction of
television pictures is discussed, and the use of a suspension of opaque
platelike particles for this purpose is shown to offer the particular ad-
vantages that the electron beam would be only a control mechanism and the
picture brightness would be limited only by the light source and lens system.

The theory of operation of such a suspension is described and it is
demonstrated that inertial effects may be neglected and that the rate of
orientation of the particles is independent of particle size and is « function
of the viscosity and dielectric constant of the suspending medium and of the
square of the applied voltage. The contrast ratio obtained may be made
very high, although the optical efficiency will decline as the contrast ratio
rises.

It is found that suspension resistivity must be considered in practical
application of the light valve, for if the field is applied through an insulating
wall the valve will respond only to changes in potential of the outside of
this wall, since leakage will prevent a constant wall potential from main-
taining a field across the suspension.

From the results of tests, the conclusions are drawn that the funda-
mental optical behavior of the suspensions considered is in accordance with
the predictions of a theory based on simple assumptions, and that the sus-
pensions fulfill the basic requirements of a television light valve.

INTRODUCTION

HE development of television has seen progress in the repro-

l duction of images, from the early scanning disks to the modern
kinescopes, or cathode-ray tubes. Because of the limitations of
kinescopes in the production of very large images, alternative repro-
duction devices have been studied.! This paper presents a description

* Decimal classification: R583 X R388.

+ Presented at the Fifteenth Annual I.R.E. Convention, in Boston,
Massachusetts, on June 29, 1940. Reprinted from Proc. I.R.E., May, 1943.
This paper reports work carried on, prior to 1940, as part of the television-
development program of the RCA Manufacturing Company, Inc.

# Research Department RCA Laboratories Division, Princeton, N. J.

{ Formerly, Research Laboratories, RCA Manufacturing Company,
Inc., Harrison, New Jersey; now the Office of Scientific Research and
Development, Washington, D. C.

! Dr. Rosenthal has described an alternative system, “the Skiatron”,
which depends upon the development of opaque areas in microcrystalline
layers of jonic crystals under the action of electron hombardment. See A. H.
Rosenthal, “A system of large-screen television reception based on certain
electron phenomena in crystals”, Proc. I.LR.E., vol. 28, pp. 203-213; May,
1940.
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of a type of cathode-ray-controlled light valve which appears to offer
promise in this field.

Since a new type of television reproduction device is described, it
may be helpful to compare its principles with those of other reproduc-
tion systems. Three examples will be considered: the combination of
a scanning disk with a single light source modulated by a video signal;
a nitrobenzene Kerr cell combined with a scanning disk; and a kine-
scope.

The system using the scanning disk has two major disadvantages.
The light which produces the picture must be generated by power
modulated at video frequencies. Also, light can be delivered to only
one picture element at a time and the resulting picture must suffer in
respect to brightness by a factor of many thousands relative to the
limiting brightness which can be obtained with a lantern slide where,
for example, light from every element reaches the observer’s eye con-
tinuously.

The conventional Kerr cell has the theoretical advantage that the
video signal is used as a control rather than as a generator of light.
However, it suffers from the same unfavorable efficiency factor as does
the scanning disk in that light reaches the observer’s eye from only
one picture element at a time.

In the kinescope, the light must be generated by modulated power,
and it can be generated at only one picture element at a time, so that
both of the disadvantages of the scanning disk are present. The success
of the kinescope in television reproduction is due chiefly to certain
special features of the device. Cathode-ray beams make it possible to
concentrate power into small areas very effectively. The combination
of such large power densities with phosphors which can efficiently
transform the power into light produces a satisfactory result in spite
of the theoretical disadvantages.

It is worth while to consider systems of television reproduction
which are free from both of the stated handicaps. An ideal device,
which may be called a television light valve, can be conceived as a
lantern slide which at every point has an opacity that can be controlled
instantaneously. Such a slide might be scanned so that the transpar-
ency varies from point to point in accordance with the picture signal.
If the transparency remained constant at the value set by the signal
until the return of the beam during the next scan, light'would reach
the observer’s eye continuously from all of the desired elements of the
picture. The brightness of the picture would be limited only by the
light source, the lens system, and the maximum transparency of the
light valve; the electron beam would be only a control mechanism.
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In exploring the groundwork for such a hypothetical system the
variety of possibilities is large and it is difficult to limit them in any
preconceived manner. However, confining the scanning systems to
electron beams, and the controlling effects to voltages developed by the
beams, certain almost inescapable features of a practical light valve
can be defined in advance. First, the layer of optically controllable
material must be thin, of the order of a few thousandths of the width
or length. Second, the light-control effect must result from an electric
field which is parallel to the direction of light transmission. While
neither of these requirements is absolute or final, the complexities
introduced by deviating from either of them militate against the prac-
ticability of a light valve which fails to meet them.

It is illustrative to consider the conventional type of nitrobenzene
Kerr cell in the light of these conditions. Since such a cell must be at
least several millimeters thick in the direction of light propagation in
order to obtain useful transmission with the maximum electric field |
permitted by the dielectric strength of nitrobenzene, and since the lines
of force must run perpendicular to this direction, neither basic require-
ment is fulfilled. The classical Kerr effect seems unsuited to the tele-
vision light-valve problem.

In respect to frequency response the requirements for the optical
medium -in the present problem are much less stringent than those for
a light valve used in conjunction with a scanning disk. Since any given
picture element need respond only once during each frame period, the
time of respose of the light valve may be 1/100 second or even longer.
The system may be considered to consist of a large nimber (one for
each picture element) of parallel communication channels of very nar-
row bandwidth. Taken all together these transmit the same amount
of intelligence as a single wide-band channel.

An optically sensitive medium which satisfies the basic require-
ments outlined and which has been found to possess many advantageous
qualities consists of a suspension of small, flat, opaque particles in an
insulating fluid. If the suspended platelike particles have a dielectric
constant greater than that of the liquid, an electric field will cause
them to align themselves parallel to the field. The shadow cast by the
particles and, hence, also the light transmission of the suspension will
therefore be subject to control by the field.

Theoretical and experimental investigations of such suspensions
are described in this paper. A separate paper? treats the methods by
which cathode-ray beams can be made to control a light valve and

2J. 8. Donal, Jr., “Cathode-ray control of television light valves”,
Proc. I.R.E., this issue, pp. 195-208.
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describes a cathode-ray-controlled suspension light valve with which a
high-definition television picture has been projected on a screen.

THEORY

Consider a suspension in which there are n absorbing particles per
cubic centimeter, each particle having a projected area a on a plane
perpendicular to the x direction. Light traveling in the x direction
will vary in intensity L according to the familiar exponential absorp-
tion law

dL
— = —nalL. (1)
dx
Integrating, we have
L
— — g—naz, (2)
Ly

Here L is the light intensity after traversing the distance x in the
suspension, while L, is the incident light intensity at = equals zero.

The quantity naz is equal to the sum of the projected areas of all
particles in a suspension thickness z. Letting this total area equal 4,
we have '

L
——=e4, (3)
) Ly '

Now let A; be the total projected area of the particles in the
unoriented condition and let A, be their projected area after having
been aligned by the field, with L; and L, representing the correspond-
ing light intensities after transmission through a suspension thickness
2. Then, from (3),

L.,
_ — ¢ — (de—sla),

L,

The ratio L,/L, is equal to the maximum contrast ratio obtainable
while L./L,, the ratio of emergent to incident light when all particles
are lined up, may be called high-light transmission or optical efficiency
of the suspension. Designating these by C and E, respectively, and
substituting, we obtain

(= e—A200 —(41/As)) (4)

:E(I—(Ax/.»lz)). (5)
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This relationship between contrast, optical efficiency (or high-light
transmission L,/L,), and the shape factor A,/A, of the individual
particles is presented graphically in Figure 1. It is seen that the con-
trast ratio is by no means limited to a value equal to the shape factor,
and that a contrast ratio of any desired magnitude can be obtained
simply by increasing the total area of the suspended particles per unit
area of the valve. This can be done, for example, by increasing the
thickness of the fluid layer, or by increasing the concentration of the
particles. The optical efficiency will decline as the contrast ratio rises

RET K
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HIGHLIGHT TRANSMISSION (E)

Fig. 1—Curves showing the contrast ratio obtainable from a suspension

as a function of its light transmission in the completely oriented state for

various values of the shape factor of the particles. The lines are theoretical.

Experimental points for a suspension of graphite in castor oil are
also shown.

at a rate depending upon the shape factor of the particles.

The rate at which the particles are oriented by an applied field will
depend upon their size, shape, and moment of inertia, and upon the
fluid viscosity, dielectric constant, and density. An exact theory would
be complicated. It can be shown, however, that inertial forces in the
motion are very small compared to viscous ones, and need be considered
only when the Reynolds number® R has a value of the order of magni-
tude of unity. The Reynolds number appropriate to this problem is

3 The significance of the Reynolds number in problems of this nature
is stated at length by Sir Horace Lamb in his “Hydro-dynamics”, sixth
edition, Cambridge University Press, Cambridge, England, 1932,
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pm’l‘2
R =

I
where (in the centimeter-gram-second system of units)
p = fluid density

r = equivalent particle radius

o = angular velocity of particle

p. = coefficient of viscosity

X

Fig. 2—A platelike particle is viewed edge on in an electric field. The field

component parallel to the surface induces charges on the particle and the

field component perpendicular to the surface acts upon these induced

charges to produce a torque which tends to rotate the particle so as to place
its long axis parallel to the electric field.

For the range of values of the four variables which might be prac-
ticable in a television light valve R is much less than 1, so that viscous
effects predominate overwhelmingly.

Since inertial effects may be neglected, the rate of orientation of
the particles can be calculated quite simply if conducting plates, such as
those of graphite, are considered. Such a particle is shown in an elec-
tric field in Figure 2. The plane of the flat body is shown perpendicular
to the page and its periphery may have any shape whatever.

Consider the field E resolved into components E cos ¢ along OX
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and E sin ¢ along OY. The former may be considered to build up
polarization charges on the plate so as to give it a double moment of
strength M. The latter may be regarded as exerting a torque upon
this dipole without affecting the value of M. If the size of the plate
(proportional to ») is varied, keeping the particle shape factor and the
electric field £ constant, the surface charge density at corresponding
points will remain constant. The total polarization charges will there-
fore be proportional to the area of the plate and, of course, to ¢, the
dielectric constant of the medium. Since the separation of positive
and negative charges will be proportional to 7, it is clear that

M = K,er’E cos ¢

where K, is a constant depending upon the shape of the periphery of
the plate.
The torque exerted on the plate by the field will be

Ly=M FE sin ¢
= K E?r® sin ¢ cos ¢
= K,E?%r? sin 2¢.

This torque will be opposed by a torque due to viscous drag, for if
the same plate as is shown in Figure 2 is considered to be rotating in
a viscous fluid, a torque will be exerted on it by the drag of the fluid.
Since the inertial forces may again be neglected, it can be shown from
dimensional reasoning that

L¢ - K3‘U- —_— 7'3
dt

where p is the coefficient of viscosity.

The reason for the third-power variation with » can be summarized
qualitatively as follows: As r increases with constant x and d¢/dt, the
area upon which shearing or pressure forces are exerted increases as
r2, while the lever arms by which the forces must be multiplied to give
the torque increase as r. With constant d¢/dt the rate of shear at
corresponding points in the fluid remains constant as r increases since
the increased velocity of parts of the system is counterbalanced by the
increased scale of size of the system. Therefore, the net result is a
torque increasing as 73

Equating these torques and rearranging, we obtain
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do €
—— = K — E"sin 2¢.
dt M

This equation can be integrated, yielding

tan ¢ = tan ¢,e—3 (D

where ¢ = K (¢/p) E? t is the time, and ¢, is the value of ¢ when { =o.
Since both the torques involved increase as the cube of the particle
size, the rate of orientation is independent of the particle size. The
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Fig. 3—Theovretical curves of light transmission as a function of time ¢ for

a suspension of particles of infinite shape factor, under a constant orienting

field.  The constant ¢ = E2(e/p). At ¢t =0 all particles lie at 45 degrees
to the field.

time response of the suspension light valve depends therefore upon the
square of the applied voltage and upon the viscosity and dielectric con-
stant of the suspending medium.

The projected area of the suspended particles is equal to 4, sin ¢,
where A, is the total area presented by the deoriented particles in 1
square centimeter of valve area. It is assumed that this projected area
equals zero when alignment is complete. Therefore, the transmission
coefficient 7' of the suspension as a function of time will be given by

T =¢—4,sin ¢ (8)
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where tan ¢ = tan ¢, e~ from (7).

The curves of Figure 3 show the relations, derived from (8),
between the transmission coefficient and the time for various initial
values of light transmission in the deoriented condition.

For comparing theory with observed data, it is convenient to elim-
inate ¢ from (7) and (8). When this is done the equations may be
put into the form

1
Inin ——mAy =5 In (1 + e), (9)
T
O P
o~
- \
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Fig. 4—Comparison between test and theory of light-transmission-versus-
time curves. The two adjustable constants used in fitting the experimental
points to the curve are discussed in the text.

The constant ¢, is arbitrary and has been set equal to =/4 in this case.

This equation is shown plotted in Figure 4, together with observed
points from two suspensions. The constant ¢, which is indeterminate
because of its dependence upon the shape factor of the particles, has
been adjusted to give the best fit. In addition the points have been
shifted horizontally by means of the constant « so as to make the curves
coincide. The latter procedure is necessary since the time scale for the
theoretical curve is essentially a relative one. An absolute origin for
the time is indeterminate because we have no way of measuring the
value of ¢ when the electric field is first applied. The theory is at best
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approximate because of the adjustable constants and because of the
assumption (not consistent with actual suspension characteristics)
that the transmission coefficient approaches unity with complete orien-
tation. The general behavior of the suspensions is seen, however, to
be in conformity with that predicted by simple calculations.

TESTS

Observations of suspension characteristics were made using cells
with glass walls. The thickness of the fluid layer was varied from a
few millimeters down to about 0.1 millimeter. Potentials were applied
by means of serpitransparent sputtered metal coatings in direct contact
with the suspension. Light intensities were measured with a photo-
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Fig. 5—Time required for light transmission to rise to half of its final value

as a function of the parameter EVe/p. This curve checks the square-law
response to field strength, the effect of dielectric constant and viscosity, and
the independence of particle size upon rate of orientation.

tube. When transient effects were studied this tube was connected to
the input of a direct-current amplifier which controlled an oscilloscope
having a long-persistent screen on'which single traces could be studied.
In one series of tests the light transmission in the deoriented and
completely oriented states was measured for several different values of
opacity controlled by the concentration of particles or the thickness of
the cell. The results for a suspension of graphite in castor oil are
shown as the crosses in Figure 1. The theoretical relationship between
contrast and optical efficiency is seen to be verified. The effective shape
factor of the particles is apparentl_y between 3 and 4. A contrast ratio
of 25 with an efficiency of 0.2 is seen to be obtainable.
Figux:e 5 is a plot of the time required for the transmission of the
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suspension to reach half of its final value against the parameter E\/¢/j1.
The parameter was varied not only by applying different field strengths
to the suspension, but by using fluids of different viscosity and dielec-
trict constant. Suspended particles of differing sizes were also used.
The time of orientation is seen to be proportional to the inverse square
of Ev/¢/i and to be independent of the particle size, as predicted by
theory.

Figure 4 showed a check of the detailed form of the transmission-
versus-time curves. The theoretical curve as represented by (9) is
shown by the solid line. Points measured experimentally with two dif-
ferent suspensions are also shown, and the agreement with theory is
satisfactory.

POLARIZATION EFFECTS

In the experiments just described the potential difference was
applied to the suspension from electrodes in contact with the fluid. The
behavior observed was not a function of the conductivity of the sus-
pension, the various values of fluid conductivity resulting merely in the
passage of a greater or smaller conduction current. However, in impor-
tant practical cases, as already described,! the potential differences may
not be applied directly to the fluid. One wall of the light valve might
consist, for example, of mica or of thin glass which is charged on its
outer face by an electron beam. In that case the conductivity of the
suspension will have a marked effect upon the performance; therefore,
it seems worth while to discuss the broader aspects of this phenomenon
at this point.

Consider the behavior of a cell of which one electrode is in direct
contact with the suspension and is grounded while the other electrode
is the charged outer surface of a perfectly insulating wall. Two cases
will be discussed. In the first, the potential difference between the two
electrodes is held constant for a time long compared to the relaxation
period of the suspénsion, while in the second case the charged electrode
is allowed to float after bringing its potential to a certain value. In
both cases the general behavior of the suspension will be the same;
that is, when the charge is first applied a field will be established across
the valve causing it to light up, but the potential drop across the leaky
fluid will decline with time. If the particles are now deoriented the
valve will remain dark until the charge is removed from the electrodes,
at which time another flash will occur due to the depolarization field
set up when the charge on the inner wall of the valve leaks off.

The differences in detail, depending upon whether the outside of
the insulating wall is held at a constant potential during the relaxation
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period, may be analyzed quantitatively in terms of the circuit of Fig-
ure 6. The condenser C; corresponds to the insulating wall, while the
leaky condenser C, represents the valve fluid.

Suppose a voltage is applied suddenly to the circuit (switch in
position 1), held constant for a time long compared to the relaxation
period, which in this case is B (C; + C,), and is then removed suddenly
by changing the switch to position 3. The resulting changes of the
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Fig. 6-—Analogue to the behavior of a leaky suspension.

(a) and (b) show the potential changes (assumed to be with respect
to ground) when a constant potential difference is applied through an
insulating wall and then removed; (¢) and (d) show the potential changes
when the suspension is actuated by charging the outside of an insulating
wall which is then allowed to float until the charge is removed. The numerals
on the abscissas indicate the positions of the switch in the diagram above.

potential of the point P, with respect to ground, are represented in
Figure 6(a). The potential differences across C, may be represented
by the variations of the potential of the point @ with respect to ground
shown in Figure 6(b).

After the initial potential difference across C, has fallen to zero,
the full applied voltage will be supported by the insulating wall. At
the removal of the applied potential the voltage across C, due to
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depolarization will be equal and opposite to that resulting from the
initial voltage application. This reversed voltage falls to zero by leak-
age and the valve returns to its original potential distribution. The
single removal of the applied potential by grounding point P com-
pletely discharges the valve provided P is kept grounded until the
reversed potential across the suspension is reduced substantially to
zero by leakage. Regrounding of point P at a later time would have
no additional effect if there is no recharging in the meantime. Also,
a subsequent application of a potential difference across C; and C, of
a value equal to that applied initially (as shown in the second cycles
of Figure 6(a) and Figure 6(b)), or of a different value, would pro-
duce proportionate potential differences across the valve suspension,
uninfluenced by the potential differences of any preceding cycle.

The second of the cases mentioned above will now be considered.
If instead of holding the voltage across the cell constant, we place the
switch in position 2 after bringing the voltage to a steady value, the
potential differences across the suspension will differ, as shown in
Figure 6(c) and Figure 6(d), from those considered above. This case
may be realized in practice if an area of the light valve is charged by
an electron beam which then goes on to scan other valve areas. If an
amount of charge sufficient to cause an initial potential difference V,
between P and ground is put on condenser C; at P, the initial potential
across C, is of course V,C,/(C,; + C,) as before. However, this will
decay exponentially at a rate more rapid (Figure 6(d)) than in the
case considered above since C; and C, are no longer effectively in
parallel between point @ and ground and the time constant will now
be reduced to RC,. Instead of the entire initial potential difference
being impressed across C; as a result of leakage through the suspen-
sion, the potential difference across C; will remain unchanged by the
leakage through R, and, therefore, the potential of P above ground will
fall from V, to the asymptotic value V,C,/ (C; + C,) as indicated in
Figure 6(c). If now the valve is discharged by bringing the point P
to ground potential suddenly and then allowing it to float again, a
reversed potential difference will appear across C,, (Figure 6(d)), but
of a magnitude smaller than that which occurred in the first direction,
since the change in potential of P by grounding it is now only VoCs,
(€1 + Cy) instead of V,, and the fraction C,/(C; + C,) of this appears
across Cu. This potential difference is then reduced to zero by suspen-
sion leakage.

It will be remembered that in the first case considered, the changes
in potential produced by subsequent charging or discharging of the
point P were independent of the first cycle just considered because the
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point P was kept grounded until the reversed potential difference
across C, had disappeared. Now, however, the situation is different,
for the potential of P drifts away from ground (Figure 6(c)) as the
charge on C, associated with the reversed potential difference leaks off.
Thus, if the point P is again carried to ground potential (Figure 6(c))
without an intermediate recharging, a second although still smaller
reversed potential difference appears across C, (Figure 6(d)). On
repeated discharge of P to ground, these reversed potential differences
across Cs would approach zero asymptotically. Furthermore, if before
this has occurred and before the potential of P is in equilibrium at
ground potential, a new potential difference V; (not shown in the
figure) is applied between P and ground, the change in potential of P
will be less than V, and, hence, the new potential difference developed
across Cs will be less than V,Cy/(Cy + Cs).

From the practical standpoint, this phenomenon results in a delay
in the response of the light valve coming into equilibrium with the
impulses applied. This subject is discussed at greater length else-
where.!

DISCUSSION

From the foregoing it will be seen that the suspension of opaque
platelike particles fulfills to a considerable degree the requirements of
the ideal light valve in which the opacity of a thin sheet may be varied
from point to point to reproduce the lights and shades of a picture.

The change in opacity of the suspension under the action of an
applied potential difference, which limits the contrast obtainable, may
be made as high as desired by increasing the concentration of the sus-
pended particles. Although the optical efficiency declines with increas-
ing contrast, the results show that with particles of easily obtainable
shape factor and with sheets of suspension thin enough to afford the
possibility of reasonable resolutions, high contrast can be obtained
with an optical efficiency which is not unreasonably low.

Since any given point of the layer of suspension must respond only
once in each frame time, the rate of response of the suspensions inves-
tigated appears to be fully adequate for television purposes. This is
particularly true since the sheet of suspension must be thin, of the
order of a line width in thickness, if adequate resolution is to be
obtained. This requirement means that high fields will result from
relatively moderate potential differences across the suspension layer.

Since the rate of orientation was found to be independent of the
particle size, the principle limitation on particle size is that the indi-
vidual particles shall not be evident in the reproduced picture. In gen-
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eral this condition will be satisfied if the particles are small compared
to the size of a picture element.

Although polarization effects have been shown to result in a delay
in the attaining of an equilibrium between the response of the valve
and the potential differences applied, the effects of these residual
potential differences may be expected to be reduced in importance by
the fact that the suspension responds to the square of the applied dif-
ference in potential.
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REFLECTIVE OPTICS IN PROJECTION
TELEVISION*f}

By

I. G. MALOFF# AND D. W. EPSTEINE

Summary—Development of a process for molding large aspherical
correcting lenses from clear plastics now makes projection television tech-
niques economical and practical for home receivers as well as theater
systems. Optical principles, mechanical mounting problems, design of
correcting lemses, molding methods and a receiver console arrangement
are presented.

bination with either spherical or aspherical mirrors may be

arranged into optical systems of high aperture and high definition.
Astronomers made use of this principle in an arrangement consisting
of a spherical mirror and an aspherical lens; however, high costs and
difficulties in constructing such systems prevented their general utili-
zation.

In searching for efficient optical systems for projecting television
images originating on screens of cathode-ray tubes, the principle of
reflective optical systems has been made a subject of concentrated
study and experimentation. This has resulted in the development of
a number of reflective optical systems suitable for projecting tele-
vision images with diagonals ranging from 25 inches to 25 feet. RCA
systems consist of a spherical front surface mirror and an aspherical
lens, positive in the central portion and gradually changing into nega-
tive near its periphery. The gain in illumination on the viewing
screen with the new systems is about six or seven to one when com-
pared with a conventional f/2 lens. The quality of the images obtained
is corhparable with images produced by conventional projection lenses.

The main handicap of the new system, the high cost of the asph.eri-
cal lens, has been overcome by the development of machines for mak-
ing aspherical molds and by development of a process for molding
aspherical lenses from plastics. RCA reflective optical systems are
designed for a fixed image distance and require cathode-ray tubes hav-

]IT HAS been known for a long time that aspherical surfaces in com-

* Decimal Classification: R583 X R138.3.

+ Presented at the National Electronics Conference, Chicago, Ill., 1944.
Reprinted from Electronics, December, 1944.

# Home Instrument Department, RCA Victor Division, Camden, N. J.

i Research Department, RCA Laboratories Division, Princeton, N. J.
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ing face-curvatures fixed in relation to the curvature of the mirrors
in the system. The last two factors, while limiting the versatility of a
given system, appear to be a small price to pay for the manifold gain
in light. The design, manufacturing, installation and servicing of the
RCA reflective optical systems have been improved and simplified to
such a point that these systems can be considered as pr