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MOBILE FIELD STRENGTH RECORDINGS OF 49.5, 

83.5, AND 142 Mc FROM EMPIRE STATE BUILDING, 
NEW YORK - HORIZONTAL AND VERTICAL 

POLARIZATION 
BY 

G. S. WICKIZER 
Engineering Department, R.C.A. Communications. Inc.. Riverhead (L. I.), N. Y. 

Summary -The propagation characteristics of horizontally and ver- 

tically polarized waves have been studied on 49.5, 83.5, and 142 Mc, in 

several directions from the Empire State Building in New York City. 

Continuous mobile recordings of field strength were made from the trans- 
mitter location out to the limit of the receiver sensitivity. 

Comparison of average field strength on horizontal and vertical polar- 
ization, over the same route, revealed that the horizontal polarization pro- 
duced a stronger average field than the vertical polarization. Variation in 

field strength over the same route was found to be greater for horizontal 
polarization beyond the metropolitan area, and greater for vertical polari- 
zation in the city. Average field strength curves for three frequencies, when 
corrected to the same power, showed the lowest frequency (49.5 Mc) was 
strongest in the city, and the highest frequency (142 Mc) was strongest 
in the country, on horizontal polarization. On vertical polarization, the 
highest frequency produced the highest average field strength in both urban 
and suburban areas, when the curves were corrected to the same power. 

INTRODUCTION 

HE rapid extension of the useful limits of the ultra- high -fre- 

quency spectrum brings with it problems in applying these 

higher frequencies efficiently. Several factors to be considered 

are the choice of frequency and polarization to produce the strongest 
signal over a given area. In general, the most desirable frequency will 

be determined somewhat by the topography of the area, and the better 
polarization will be dictated by the electrical characteristics of the 

earth's surface in the area. 
Although these choices might possibly be made from theoretical 

considerations, the problem is better adapted to an empirical solution, 

due to the countless irregularities existing in the transmission paths. 

In making a field strength survey, the system of continuous mobile 

recording has the advantage of producing a complete record of field 

strength for the entire route covered, and for this reason is much 

more thorough than a point -by -point method. Accordingly, mobile re- 

cordings of field strength on horizontal and vertical polarization were 

made on 49.5, 83.5, and 142 Mc, with the transmitters located at the 

Empire State Building, New York. The same path was traversed in 

each case, thus providing a direct comparison of field strength on the 
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388 RCA REVIEW 

two polarizations, and also supplying additional information on propa- 
gation at these frequencies. 

RECEIVING EQUIPMENT 
The receiving equipment, with power supplies and antenna, was 

installed in a passenger two -door sedan. Suitable precautions were 
taken to prevent mechanical vibration of the equipment when the car 
was in motion. 

The receiving antenna was a short doublet made of two pieces of 
5, -inch diameter, duralumin tubing, supported at a height of ten feet 
above the ground. The tubing was clamped in a bakelite head, which 
was attached to a wooden shaft about four feet long. This shaft was 
mounted on the roof of the car by a mechanical assembly which ex- 

Fig. 1- Mobile field strength survey car. 
tended through the roof, behind the rear seat. The mechanical fitting 
on the car was constructed to permit rotation about a vertical axis, and also to allow the antenna to be folded down against the roof when 
not in use. A small steering wheel and indicator were provided inside the car to assist in setting the bearing of the antenna when receiving 
horizontal polarization. A picture of the survey car is shown in Fig- ure 1. 

The receiver was a triple -detection superheterodyne, equipped with automatic gain control to compress the wide range of field strength 
to be measured. The direct -current output of the receiver was ampli- 
fied and applied to a Bristol recording milliammeter. This type of recorder produces a continuous ink record on a paper chart which is drawn under the pen at a known rate. 

To associate the record with geographical location, the chart was driven from the car drive shaft, through a suitable reduction gear 
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FIELD STRENGTH RECORDINGS 389 

mechanism. With this arrangement, the recorder chart speed was 

either five inches per mile or twenty inches per mile, and the charts 
were numbered consecutively every inch. 

Power for the receiver was obtained from six -volt storage batteries, 
which drive two 250 -volt dynamotors. The batteries were connected to 

the car generator to reduce the battery current drain from fifteen 
amperes to about seven amperes. 

The routes and frequencies covered in the field work are tabulated 
below. 

Direction from New York Frequencies 

Northeast 83.5 ; 142 Mc. 

North 83.5 Mc. 

Southwest 49.5 ; 83.5; 142 Mc. 

ROUTES COVERED 
BY SURVEY CAR 

HORIZONTAL $ VERTICAL 
POLARIZATION 

Fig. 2- Routes covered by survey car. 

Additional information on the routes may be obtained from the map 
shown in Figure 2. 

TRANSMITTING EQUIPMENT 

A different transmitter was used for each of the three frequencies 
measured during the field work. On 49.5 Mc, the video channel of the 
NBC television transmitter was measured. The antenna on this trans- 
mitter was a half -wave doublet located on the south side of the build- 
ing at the 85th floor. The height of this antenna was 1000 feet above 
the ground, and the radiated power was estimated to be 5 kw. The two 
higher- frequency transmitters were installed in the tower, and radiated 
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390 RCA REVIEW 

from half -wave doublets mounted outside the tower at the 103rd floor 
level, a height of 1200 feet above the ground. These doublets were 
changed from the north to the south side of the building, depending 
on the direction of the survey trip. The radiated power at 83.5 Mc was 
750 watts, and at 142 Mc, the radiated power was 68 watts. 

FIELD WORK 

On each measuring trip, the observer kept a log correlating the 
numbers on the recorder chart with important locations along the route. 
Notations from the log were written on the charts before the analysis 
was begun. A chart speed of 20 inches per mile was used when re- 

G O O O O O O O O O O O O O O O O O O O O O O O O O O 00000C,., MI "` I I 1 I I i 11 I ill 11 I I 111 I lk 7u ..r ...rr , .:l Milt M, , nallarniall11.1ílíi 
' i1/liÌr M' RIM ........, I I/-/----Ii!r/--/ 

O O O O O o O O O o O O O O O O O O O O O O O O O O J O O O O O , J O 

Fig. 3- Sample of mobile recording. 

cording within 3 or 4 miles of the transmitter, to show greater detail 
on the record. At all other times the chart speed was 5 inches per mile. 

On horizontal polarization, the receiving doublet was kept broadside 
to the transmitter, since the directivity of the doublet was appreciable. 
This steering operation was accomplished in several ways. At short 
distances, the Empire State Building was usually visible, and the local 
geography was well- known. Beyond the metropolitan area, the bearing 
was obtained from road maps, and from occasional checks of the antenna setting, by noting the position at which the signal was maximum. 

RESULTS AND DISCUSSION 

The recorded charts were analyzed in small sections which could 
be readily identified on a map. This was necessary to provide a meas- urement of the airline distance from the transmitter to the middle of each section. The length of these sections was chosen in proportion 
to the distance, and varied from about half a mile near the trans- mitter, to 3 or 4 miles at the the far end of the trips. 
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FIELD STRENGTH RECORDINGS 391 

The sample chart shown in Figure 3 illustrates the two extreme 

types of recording obtained during the field work. The smooth portion 

of the trace indicates that very few indirect paths were present; a 

condition to be expected in clear open country, and on certain wide 

streets in the city where there are no intervening buildings or over- 

head wires. The wide irregular trace is caused by indirect rays com- 

bining with the direct ray in random phase relation. In some cases, 

the direct ray may be very weak, with strong indirect rays present ; a 

condition which produces wide local variations or "standing waves ". 
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Fig. 4- Summary of field strength record taken between New York City and 
Camden, N. J. 49.5 Mc, horizontal polarization. 

Such fields were often noticed in the city where the transmitter was 

shielded by high buildings, and the receiver was located near the 

street level. Thus both the amplitude and the shape of the field 

strength record contribute information of a general nature regarding 
the physical surroundings near the receiver location. 

The field strength records were summarized by noting the maxi- 

mum, minimum, and average value of field strength on each section of 

chart. This summary was then plotted with distance as the abscissa, 

and field strength as the ordinate. The range of field strength in each 

short section of chart is represented by a vertical line drawn at the 
average distance from the transmitter. The average field strength in 

each section is then indicated by a short horizontal mark crossing the 
vertical line. It will be noted that this type of graph shows the upper 
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° 2o 
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Fig. 5- Summary of field strength record taken between New York City and Camden, N. J. 49.5 Mc, vertical polarization. 

and lower limits of field strength, as well as the average value. Figure 4 
is the summary of a field strength record taken between New York 
City and Camden, New Jersey, when using horizontally polarized waves, 

2 3 4 6 8 lo 2o 3o 4o 6o 8o loo 
DISTANCE -MILES 

Fig. 6- Comparison of average field strength on horizontal and vertical polarization. New York City to Camden, N. J., 49.5 Mc. 
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FIELD STRENGTH RECORDINGS 393 

on 49.5 Mc. Figure 5 is the summary of the record taken over the 
same route, on the same frequency, but with the transmission verti- 
cally polarized. The smaller variation in field strength in the country 
with vertical polarization is apparent without further study. 

Comparisons of average field strength on horizontal polarization 
with average field strength on vertical polarization, are found in Fig- 
ures 6, 7, and 8. A comparison on each of the three frequencies was 
chosen to illustrate the consistently stronger average field observed 
when horizontal polarization was used. 

Near the transmitter, the indirect rays reflected from high build- 
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Fig. 7- Comparison of average field strength on horizontal and vertical 
polarization. New York City to Bridgeport, Conn., 83.5 Mc. 

ings down to the street level were often stronger than the direct ray, 
which was shielded by other buildings. On horizontal polarization, the 
strength of these off -bearing rays was reduced by the directivity of 
the receiving doublet, since the doublet was broadside to the trans- 
mitter. On vertical polarization, the received signal was the resultant 
of direct and indirect rays, since the receiving doublet was non- direc- 
tive. The effect of this condition is not apparent in the average signal 
comparisons, since only two out of six curves show the vertical polariza- 
tion to be stronger than the horizontal near the transmitter. 

The performance of the three different frequencies was compared 
by correcting the average field strength curves to an output power of 
1 kw. These corrected curves, for horizontal polarization, southwest 
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route, are found in Figure 9. It is evident that the lowest frequency 
was somewhat the strongest in the city, and the highest frequency 
was consistently the strongest in the country. 

The same kind of a comparison when using vertical polarization 
indicates that the highest frequency produced the highest average field 
strength both in the city and in the country, for the same transmitter 
power. This comparison is found in Figure 10. 

A casual comparison of the horizontal and vertical polarization 
measurements revealed a difference in the maximum -to- minimum vari- 
ation, over the same route. Graphs comparing the extremes of field 
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Fig. 8- Comparison of average field strength on horizontal and vertical polarization. New York City to Bridgeport, Conn., 142 Mc. 

strength in each section, on horizontal and vertical polarization are 
shown in Figures 11, 12, and 13. It is apparent that the horizontal 
polarization was more variable over the greater part of the distance, 
although the vertical polarization was more variable near the trans- 
mitter. 

The magnitude of the field strength variation on both polarizations 
was no doubt influenced by the low receiving antenna height. If the 
receiving antenna height were increased to thirty or forty feet, the 
number of obstructions to an optical path would be considerably re- 
duced. Also, irregularities in the topography in the immediate vicinity 
of the receiving antenna would have less effect on the signal component 
reflected from the ground. 
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-49.5MC. 
o - 83.5 MC. 

x -142 MC 

0 20 
LU 

o 
1 2 3 4 6 8 lo 2o 30 40 6o So loo 

DISTANCE - MILES 

Fig. 9- Comparison of average field strength on 49.5, 83.5, and 142 Mc, 
corrected to 1 kw antenna power. New York City to Camden, N. J., 

horizontal polarization. 

The trend revealed in the variation curves raised the question of 
whether the maximum or the minimum values of field strength were 

- 49.5 MC 
o-835Mc, 
x-142 MC 

2 3 4 6 8 lo 2o 3o 40 60 8o loo 
DISTANCE - MILES 

Fig. 10- Comparison of average field strength on 49.5, 83.5, and 142 Mc, 
corrected to 1 kw antenna power. New York City to Camden, N. J., 

vertical polarization. 
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Fig. 11- Variation of field strength on horizontal and vertical polarization. 
New York City to Allentown, N. J., 49.5 Mc. 

showing more variation. The maximums on horizontal polarization 
were compared with the maximums on vertical polarization for each 
route, and the same comparison was made between the minimums on 

50 

40 
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z 30 

2 220 » 22 

0 
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DISTANCE -MILES 
Fig. 12- Variation of field strength on horizontal and vertical polarization. New York City to Bridgeport, Conn., 83.5 Mc. 
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both polarizations. The averages of these individual comparisons re- 
vealed that the maximum values of field strength were greater on 

horizontal polarization on all recordings. The averages of the com- 

parison of minimums were not so consistent; horizontal polarization 
was stronger to the north and northeast, while vertical polarization 
was stronger to the southwest. Most of the roads to the southwest of 

New York were relatively narrow, with horizontal open wires present 
for a considerable part of the distance. The shielding effect of horizon- 
tal wires on horizontally polarized waves is very noticeable when 
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Fig. 13- Variation of field strength on horizontal and vertical polarization. 
New York City to Darien, Conn., 142 Mc. 

recording, causing the minimums to drop to lower values on horizontal 
polarization. 

TABLE I 

Summary of field strength comparisons on horizontal and vertical 
polarization. 

Freq. 
Mc 

83.5 

142 

83.5 

49.5 

83.5 

142 

Direction 

in 

Varia- 
tion 

Average H/V DB 

Maxima Minima 

Average 
Field 

Strength 

Northeast +6.0 +9.8 +3.8 +8.1 

Northeast +2.7 +5.1 +2.4 --f-4.7 

North +2.1 +4.8 +2.7 +4.7 

Southwest +5.7 +5.7 0 +3.1 

Southwest +7.1 +4.3 -2.8 +1.9 

Southwest +6.9 +5.4 -1.5 +3.5 
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The results of all comparisons have been summarized in Table I, 
which indicates that, for the territory covered by the survey, horizontal 
polarization (1) varies over a wider range, (2) has higher maximum 
values, and (3) produces a higher average field strength than vertical 
polarization, other things being equal. The values shown in this tabula- 
tion are arithmetic averages, which correspond to a geometric average 
of field strength. 

It should be remembered that these results and conclusions apply 
only to the two general directions covered by the mobile measurements. 
A comparison made over a salt -water path, or high- conductivity ground, 
might show the vertical polarization to be considerably more effective 
than the horizontal polarization. 

CONCLUSION 

On the basis of this mobile survey, the following general conclu- 
sions regarding horizontal and vertial polarization may be drawn :- 

1. Horizontal polarization produced a stronger average field. Aver- 
age ratio for all frequencies and routes was 4.3 db. 

2. Horizontal polarization was more variable over a given dis- 
tance in the country. 

3. Vertical polarization was usually more variable in the city. 
4. The greater variation on horizontal polarization was due to 

higher maximum values. 
5. With horizontal polarization and equal power, the lowest fre- 

quency (49.5 Mc) produced the strongest average signal in the city, 
and the highest frequency (142 Mc) produced the strongest average 
signal in the country. 

6. With vertical polarization and equal power, the highest fre- quency (142 Mc) was strongest both in the city and the country. 
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TELEVISION STUDIO TECHNIC* 
BY 

ALBERT W. PROTZMAN 
National Broadcasting Company 

Summary -The studio operating technic as practiced in the NBC tele- 
vision studios today is discussed and comparisons are made, where possible, 
to motion picture technic. Preliminary investigations conducted to derive a 
television operating technic revealed that both the theater and the motion 
picture could contribute certain practices. 

The problems of lighting, scenic design, background projection, and 
make -up are discussed, with special emphasis on the difficulties and differ- 
ences that make television studio practice unique. 

An explanation is given of the functioning of a special circuit used in 
television sound pick -up to aid in the creation of the illusion of close -up and 
long -shot sound perspective without impracticable amount of microphone 
movement. The paper concludes with a. typical television production routine 
showing the coördination and timing of personnel and equipment required in 
producing a television program. 

F ONE were forced to name the first requirement of television oper- 
ating technic and found himself limited to a single word, that 
word would undoubtedly be "timing." Accurate timing of devices 

and split- second movements of cameras are the essentials of television 
operation. Personnel must function with rigid coördination. Mistakes 
are costly -they must not happen -there are no second chances. 

Why such speed and coördination? Television catches action at 
the instant of its occurrence. Television does not allow us to shoot 
one scene today and another tomorrow, to view rushes or resort to 
the cutting room for editing. Everything must be done as a unit, 
correct and exact at the time of the "takes " - otherwise, there is no 
television show. 

Now, to discuss some preliminary investigations conducted before 
production was attempted, and to describe the equipment and tech- 
nic used in meeting these production requirements. Technical details 
are deliberately omitted. Wherever possible, we shall compare phases 
of television operation with their counterparts in motion picture 
production. 

For so new a medium as television it is, of course, an impossibility 
to present a complete and permanently valid exposition. Television 
technic and apparatus constantly advance. Some technic now current 
may be outmoded in a day or a month. We have only to recall the 
early days of motion picture production, when slow -speed film and 

* Reprinted from the Journal of the Society of Motion Picture Engineers, 
July, 1939. 
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inferior lenses were a constant limitation. So, with television, it is 
already possible to envision more sensitive pick -up tubes that will 
permit the use of smaller lenses of much shorter focal length, thus 
eliminating many of today's operating difficulties. 

PRODUCTION TECHNIC INVESTIGATIONS 

In May, 1935, the Radio Corporation of American released televi- 
sion from its research laboratories for actual field and studio tests. 
Long before the first program was produced in the middle of 1936, 
plans were laid, based on extensive research into the established enter- 
tainment fields, for the purpose of determining in advance what tech- 
nics might be adaptable to the new medium of television. From the 
stage came the formula of continuity of action, an inherent basic 
requirement of television. This meant memorized lines and long re- 
hearsals. Prompting could not be considered, for, as you know, the 
sensitive microphone which is as much present in television as it is 
in sound motion picture production, does not discriminate between 
dialog and prompting. 

From the motion picture studio came many ideas and technics. 
If television is a combination of pictures with sound, and it is, no 
matter what viewpoint is taken, the result spells in part and for many 
types of programs, a motion picture technic at the production end. 
However, enough has already been said about the peculiarities of tele- 
vision presentation to justify saying that the movie technics do not 
supply the final answer. There remained the major problem of pre- 
serving program continuity without losing too much of motion picture 
production's flexibility. Our present technic allows no time for adjust- 
ments or retakes. Any mistake immediately becomes the property of 
the audience. The result of the entire investigation led to what we 
think is at least a partial answer to the problem. This technic, we 
hope, will assist considerably in bringing television out of the experi- 
mental laboratory and into the field of home education and enter- 
tainment. 

GENERAL LAYOUT OF FACILITIES 

In order to present a clearer view of our problems, we shall give 
a brief description of our operating plant. The present television 
installation at the National Broadcasting Company's headquarters in 
the RCA Building, New York, N. Y., consists of three studios, a 
technical laboratory, machine and carpenter shops, and a scenic paint 
shop. Our transmitter is located on the 85th floor of the Empire State 
Building. The antenna system for both sight and sound is about 1300 
feet above the street level. Both the picture and sound signals are 
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relayed from the Radio City Studios to the video and sound transmit- 
ters either by coaxial cable or over a special radio link transmitter. 

One of the studios is devoted exclusively to televising motion pic- 
ture film, another to programs involving live talent, and the third for 
special effects. It is the operation of the live -talent studio with which 
we are concerned in this paper. 

Fig. 1(a)- General layout of live -talent studio; control room at upper rear. 

DESCRIPTION OF LIVE -TALENT STUDIO 

Figure 1 (a) shows the general layout of the live -talent studio. The 

studio is 30 feet wide, 50 feet long, and 18 feet high. Such a size should 

not be considered a recommendation as to the desired size and pro- 

portions of a television studio. The studio was formerly a regular 
radio broadcasting studio, not especially designed for television. To 

anyone familiar with the large sound stages on the motion picture 
lots, this size may seem small (Figure 1(b) ) . Yet, in spite of our lim- 

ited space, some involved multi -set pick -ups have been successfully 

achieved by careful planning. Sets, or scenes, are usually placed at 
one end of the studio. Control facilities are located at the opposite 

end in an elevated booth, affording full view of the studio for the 

control room staff. Any small sets supplementing the main set are 
placed along the side walls as near the main set as possible, and in 
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such position as to minimize camera movement. At all times, we 
reserve as much of the floor space as possible for camera operations 
and such floor lights as are absolutely essential. At the base of the 
walls and also on the ceiling are scattered numerous light -power out- 
lets to minimize the length of lighting cables. At the rear of the 
studio is a permanent projection room for background projection. 

. 

TILCVUION STYDdO 

?/ 

MN 

1 l 

Fig. 1(b)- Television studio floor plan. 

CAMERA EQUIPMENT 

The studio is at present fitted for three cameras. To each camera 
is connected a cable. This cable is about two inches in diameter and 
fifty feet long; it contains 32 conductors including the well known 
coaxial cable over which the video signal is transmitted to the camera's 
associated equipment in the control room. The remainder of the 
conductors carry the necessary scanning voltages and current supplies 
for the camera amplifiers, interphone system, signal lights, etc. From 
this description, it is apparent that adding another camera in a tele- 
vision studio involves a much greater problem than that of moving 
an extra camera into a motion picture studio. In television, it is nec- 
essary to add an extra rack of equipment in the control room for each 
'additional camera. 

MOVEMENT OF CAMERAS 

One camera, usually the long -shot camera using a short -focal 
length lens, is mounted on a regular motion picture type dolly to 
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insure stable movements. The handling of the dolly is done by a 
technician assisting the camera operator. It is impracticable to lay 
tracks for dolly shots as is often the motion picture practice, because 
usually each camera must be moved frequently in all directions during 
the televising of a studio show. Naturally, dolly tracks would limit 
such movement. The other television cameras utilize a specially de- 

Fig. 2- Studio camera. 

signed mobile pedestal (Figure 2). Cameras mounted on these pedes- 
tals are very flexible and may be moved in and out of position by the 
camera operators themselves. Built into the pedestals are motors 
which elevate or lower the camera; this action is controlled with 
push- buttons by the camera operators. A panning head, similar to 
those used for motion picture cameras, is also a part of the pedestal. 
It is perhaps needless to stress here that one of the strict requirements 
of a television camera is that it must be silent in operation. In the 
electronic camera proper there are no moving parts other than those 
used for focusing adjustments; hence, it is a negligible source of 
noise. When camera pedestals were first used they were the source 
of both mechanical noise and electrical disturbance when the camera - 
elevating motor was in use. Since then this problem has been over- 
come, and it can be stated that the entire camera unit is now free 
of objectionable mechanical noise or electrical surges. 
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LENS COMPLEMENT 

Each camera is equipped with an assembly of two identical lenses 
displaced 6 inches vertically. The upper lens focuses the image of the 
scene on a ground -glass which is viewed by the camera operator. The 
lower lens focuses the image on the "mosaic," the Iconoscope's light - 
sensitive plate. This plate has for its movie counterpart the film in a 
motion picture camera. The lens housings are demountable and inter- 
changeable. Lenses with focal lengths from 61/2 to 18 inches are used 
at present. Lenses of shorter focal length or wider angle of pick -up 
can not be used since the distance between the mosaic and the glass 
envelope of the Iconoscope is approximately 6 inches. Lens changes 
can not be effected as fast as on a motion picture camera, since a 
turret arrangement for the lenses is mechanically impracticable at 
present. However, it is probably safe to say that future advances in 
camera and Iconoscope design will incorporate some type of lens turret. 
Ordinarily, one camera utilizes a 61/2 -inch focal length lens with a 
36- degree angle, for long shots, while the others use lenses of longer 
focal lengths for close -up shots. Due to its large aperture, the optical 
system used at present has considerably less depth of focus than those 
used in motion pictures, making it essential for camera operators 
to follow focus continuously and with the greatest care. This limita- 
tion will probably be of short duration, since more sensitive Icono- 
scopes will permit the use of optical systems of far greater depths of 
focus. 

It is desirable here to point out a difference in focusing technic 
between motion picture cameras and television cameras. "Follow - 
focus" in motion pictures occurs practically only in making dolly shots. 
For all fixed shots, the lens focus is set, the depth of focus being 
sufficient to carry the action. Also, it is the duty of the assistant cam- 
eraman to do the focusing. This relieves the cameraman of that 
responsibility and allows him to concentrate on composition, action, 
and lighting. In television, the camera operator must do the focusing 
for fixed shots and dolly shots alike. This added operation, at times, 
is quite fatiguing. 

Vertical parallax between the view finder lens and the Iconoscope 
lens is compensated for by a specially designed framing device at 
the ground -glass that works automatically in conjunction with the 
lens -focusing control. It may be of interest to note here that at first 
the television camera had no framing device. This meant that images, 
in addition to being inverted as they are in an ordinary view -finder, 
were also out of frame. The camera operator had to use his judgment 
in correcting the parallax. With this new framing device, the operator 
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now knows exactly the composition of the picture being focused on 

the mosaic in his camera. The framing device can be quickly adjusted 
to accommodate any lens between 61/2 and 18 inches focal length. 

Because of the fact that several cameras are often trained on the 
same scene from various angles, and because all cameras are silent 
in operation, performers must be informed sometimes -such as when 
they are speaking directly to the television audience -which camera 
is active at the moment. Two large green bull's -eye signal -lamps 

Fig. 3- Typical television set. 

mounted below the lens assembly are lighted when the particular 
camera is switched "on the air." 

SET LIGHTING 

There are two outstanding differences between television lighting 
and motion picture lighting. A much greater amount of key light is 
required in television than in motion pictures. Also, a television set 
must be lighted in such a way that all the camera angles are antici- 
pated and properly lighted at one time. Floor light is held to a mini- 
mum to conserve space in assuring maximum flexibility and speed of 
camera movements. Great care must also be taken to shield stray 
light from all camera lenses. This task is not always easy, since, during 
a half -hour performance, each camera may make as many as twenty 
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different shots. Just as excessive leak -light striking the lens will ruin 
motion picture film, it has a definitely injurious effect upon the photo- 
sensitive mosaic and upon the electrical characteristics of the Icono- 
scope. A direct beam of high- intensity light may temporarily paralyze 
a tube, thus rendering it useless for the moment. 

SETS 

Television sets (Figure 3) are usually painted in shades of gray. 
Since television reproduction is in black and white, color in sets is 

Fig. 4- Background projection window shot. 

relatively unimportant. Chalky whites are generally avoided because it is not always possible to keep "hot lights" from these highly reflective surfaces which cause a "bloom" in the picture. This, in turn, limits the contrast range of the system. Due to the fact that the resolution 
of the all- electronic system is quite high, television sets must be rendered in considerable detail, much more, in fact, than for a cor- responding stage production. As in motion picture production, general construction must be as real and genuine as possible; a marked dif- ference, for instance, can be detected between a painted door and a real door. On the legitimate stage, a canvas door may be painted with fixed highlights; that is, a fixed perspective, because the lighting 
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remains practically constant, and the viewing angle is approximately 
the same from any point in the audience. But, in television the per- 

spective changes from one camera shot to another. Painted perspec- 

tives would therefore be out of harmony with a realistic appearance. 
This is also true in motion picture work. Sets must also be designed 

so that they can be struck quickly with a minimum effort and noise 

because it is often necessary to change scenes in one part of a studio 
while the show is going on in another part. At present, we find it 

desirable to construct television sets in portable and lightweight sec- 

tions without sacrificing sturdiness. 

BACKGROUND PROJECTION 

The problems of background projection in television differ some- 

what from those encountered in motion pictures. More light is neces- 

sary because of the proportionately greater incident light used on the 
sets proper (Figure 4). 

Considering the center of a rear -screen projection as zero angle, 

we must make it possible to make television shots within angles of at 
least 20 degrees on either side of zero without appreciable loss of 

picture brightness. This requirement calls for the use of a special 

screen having a broader viewing angle than those used in making 
motion picture process shots. Also, in motion pictures, the size of 

the picture on the screen can be varied to the proper relation to the 
foreground for long shots or close -ups. For television, the background 
picture size can not be changed once the program starts. Our back- 

ground subject matter must also be sharp in detail and high in con- 

trast for good results. 
At present, only glass slides are used. A self -circulating water -cell 

is used to absorb some of the radiant heat from the high -intensity arc. 

Also both sides of the slide are air -cooled. These precautions permit 

the use of slides for approximately 30- minute periods without damage. 

MAKE -UP 

This may be a suitable time to correct some erroneous impressions 

concerning the type of make -up used in television. It has never been 

necessary to use gruesome make -up for the modern all- electronic -RCA 

television system. At present, No. 26 panchromatic base, similar to 

that used for panchromatic film, and dark red lipstick is being used 

satisfactorily. From the very beginning, we have made tests to deter- 

mine the proper color and shades of make -up, keeping in mind that 
a color closely approximating the pigmentation of the human skin is 

most desirable from the actor's psychological standpoint. 
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THE CONTROL ROOM 

Now, a few words about the operations in the studio control room 
during a televised production (Figure 5). All camera operators in 
the studio wear head -phones through which they receive instructions 
from the control room. Directions are relayed over this circuit by 
the video engineer or the production director. Here the televised 
images are observed on special Kinescope monitors and necessary 
electrical adjustments are made. Alongside each of these monitoring 

Fig. 5 -The television control room. Note the two Kinescope monitors in the upper left corner. 

Kinescopes is a cathode -ray oscilloscope which shows the electrical 
equivalent of the actual picture. Two monitors are provided in order 
that one may be reserved for the picture that is actually on the air, 
while the other shows the succeeding shot as picked up by a second 
or third camera. This enables the video engineer to make any neces- 
sary electrical adjustments before a picture goes on the air. 

Seated immediately to the left of the video engineer is the produc- 
tion director whose responsibility corresponds to that of the director 
of a motion picture. He selects the shots and gives necessary cues 
to the video engineer for switching any of the cameras into the out- 
going channel. The production director has, of course, previously 
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rehearsed the performance and set camera routines in conjunction 
with the camera operators and the engineering staff. The camera 
operator has no control to switch his camera on the air. All camera 
switches, which are instantaneous, are made by electrical relays con- 

trolled by buttons in the control room. At present, the video engineer's 
counterpart in motion picture work is the editor and the film processing 
laboratory. 

To the left of the production director sits the audio control engineer 
whose responsibility is entirely separate from that of the video 
engineer. He also is in a position to view the monitor, and may com- 

municate by telephone with the engineer on the microphone boom. 

The audio engineer is responsible for sound effects, some of which are 
dubbed in from records. His job is somewhat similar to that of the 
head sound engineer on a motion picture production. Thus, we have 
the control room staff -three men who have final responsibility for 
the success of the completed show. 

An assistant production man is also required on the studio floor. 

Wearing headphones on a long extension cord, he is able to move to 
any part of the studio while still maintaining contact with the pro- 
duction director in the control room during a performance on the air. 
Actors require starting cues, titles require proper timing, and prop- 
erties and even an occasional piece of scenery must be moved. The 
assistant director supervises these operations and sees that the instruc- 
tions of the production director are properly carried out. 

Members of the studio personnel also to be mentioned include 
lighting technicians, the property man, and scene shifters, whose 

responsibilities parallel those of their motion picture counterparts. 
Specially trained men are also needed for operating title machines. 
In the future all titling will undoubtedly be done in a separate studio 
inasmuch as operating space in a television studio is at a premium. 
Today, however, title machines do operate in the studio and require 
the utmost care in handling. Types of titles used include dissolves 

and wipes similar to those used in moving pictures. 

SOUND REPRODUCTION 

As in motion picture work, a microphone boom is used in television 
production, and is operated in a similar way. Perspective in motion 
picture sound is accomplished by keeping the microphone, during a 

long shot, just out of the picture and moving it down closer to the 
action as the camera moves in for a close -up, thus simulating a natural 
change in perspective. In television this is not always possible because 
there are always three cameras to consider. This same condition pre- 

www.americanradiohistory.com

www.americanradiohistory.com


410 RCA REVIEW 

vailed in the early days of motion pictures when it was thought 
desirable to take a complete scene, shooting both long -shot and close -up 
cameras, at one time. In the television studio at least one camera is 
always set for a long shot while the others are in position for closer 
shots. If the microphone is placed in such a position as to afford a 
"natural" perspective for close -ups, the succeeding switch to a long 
shot would reveal the microphone in the shot. You in motion pictures 
can order a retake ; in television broadcasting we can not rectify the 
mistake. It is quite obvious, therefore, that the man on the boom 
can not lower his microphone to the "natural" position for each camera 
shot. We therefore place the microphone in a position just out of 
range of the long shot. In order to accomplish some sense of perspec- 
tive between long and close -up shots, a variable equalizer that drops 
the high and low ends of the spectrum is automatically cut into the 
audio circuits when the long -shot camera is on the air. In this opera- 
tion, sufficient change in quality and level is introduced to aid the 
illusion of long -shot sound perspective. Of course, when a close -up 
camera is switched in, the audio returns to the close -up perspective 
quality once more. This may be called remote control sound perspec- 
tive. 

Special sound effects, music, etc., from the studio picked up from 
recordings are mixed in the control room. In motion pictures, some 
of the effects and most of the music are dubbed in after the actual 
shooting of the scene. 

The general acoustical problems in a television studio are similar 
to those in a motion picture sound -stage. Walls and ceiling should be 
designed for maximum absorption to permit faithful exterior speech 
pick -up. A stage or studio must be designed to enable presentation 
of an exterior or an interior scene. With the studio designed for 
maximum absorption, illusions of exterior sound characteristics can 
be created. For interiors, the hard surfaces of the sets and props 
offer sufficiently reflective surfaces to create the indoor effect. 

TYPICAL PRODUCTION ROUTINE 

After the foregoing discussion of the equipment and personnel, it 
may be interesting to follow an actual production from the beginning 
of rehearsal to its final presentation. For this example, assume that 
we are to produce a playlet (Figure 6). When the scenery has been 
erected, the first rehearsals begin without the use of cameras or lights. 
Besides familiarizing the actors with their lines, the rehearsals afford 
the production director and the head camera operator an opportunity 
to map out the action of the play. All action, including camera shots, 
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cues, and timing, is noted on a master script which thereafter becomes 
the "bible" of the production. Timing is very important because of 

the necessity of having a particular act time in with the other acts 
or film subject. 

After several hours of rehearsing, the first equipment rehearsal 
is called. Cameras are checked electrically and mechanically. Focus 
controls and framing devices are lined up so that correct focus on the 
ground -glass is also correct focus on the mosaic plate. This completed, 
the cameras are ready for rehearsal. With the scene properly lighted, 
the camera operators begin working out movements to pick up the 

Fig. 6--(Lef t) Scene on the air. (Right) setting up for next sceu:i. 

desired shots in the proper sequence. The production director instructs 
the staff and personnel from the control room, speaking over a public - 
address system. Each shot is worked out and its camera location 
marked on the floor. At times, the actors may unconsciously depart 
slightly from the rehearsed routine during an actual show; the camera 
operator must be prepared and alert to make the best of the situation 
regardless of all previous floor markings. Continuity is so planned that 
while one camera is taking the action, another camera is moving to a 
new location and composing a new shot to be switched on at the 
proper time. This frees the first camera, which can now move to a 
third location, and so on. Sometimes during a twenty- minute per- 
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formance each camera may take twenty different shots. Of course, 
besides different floor locations, the height and angle of the cameras 
must be varied to comply with good composition. During rehearsals, 
timing must frequently be revised to allow for the actual camera 
movements. 

Finally, a dress rehearsal is scheduled. The complete program is 
televised, including any film subjects or slides that may be needed to 
complete the program. Frequently the program will begin with a 
short film leader, followed immediately by a newsreel or a short 
subject, the film portion of the program coming from the film -televising 
studio. While the film is running, the live -talent studio is continuously 
warned as to the time remaining before it must take over the program. 
Once the studio program goes on the air the production director is 
no longer able to use the public address system to communicate with 
the personnel in the studio. Instead, he uses a telephone circuit to his 
assistant in the studio, and, through the video engineer, communi- 
cates by phone with the camera operators. 

Another standby warning is usually given when there is one minute 
to go. Then, as the cue to begin comes, the green light on the title 
camera is lighted. From this point, continuity must be rigidly pre- 
served. As titles move from one to another, appropriate music is 
cued in and actors are sent to their opening positions. 

With the completion of titles, the image is faded out electrically 
and cameras are switched to the opening shot. Performers begin their 
action on a silent cue from the assistant director, who is instructed 
from the control room. During this first scene, the camera previously 
picking up titles moves quickly into position to shoot a second view 
of the action. Again cameras are switched, permitting the first to 
move to a new position; and so the action proceeds. If the play has 
several scenes, the concluding shot of the first scene is taken by one 
camera while others line up on the new scene and wait for the switch. 
Frequently, there are outdoor scenes. These are filmed during the 
first stages of rehearsal for transmission from the film studio at the 
proper time during the performance. The switch to film is handled 
exactly as another camera switch, except that the switch is to the 
film studio instead of to one of the studio cameras. The projectionist 
must be warned in advance to have his projector up to speed and "on 
the air" at the proper instant to preserve the production continuity. 
This requires very critical timing, as you can well appreciate. When 
the film is completed the studio cameras again take over the next 
interior scene. 
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Upon completion of the studio portion of the program, one camera 
lines up on the final studio title, which usually returns the program 
to the film studio for a concluding film subject. 

Since the first program on July 7, 1936, many television programs 
have been produced. Each has been a serious attempt at something 
new. Although much has been accomplished, there remain a vast 
number of unknowns to be answered before it can be said that tele- 
vision's potentialities have been even partially realized. Today, as this 
paper has indicated, television bears many points of similarity to 
motion pictures. As a matter of fact, it is likely that television would 
be somewhat handicapped if it were unable to borrow heavily from a 
motion picture production technic that has been built up by capable 
minds and at great expense over a period of many years. Infant 
television is indeed fortunate to have such a wealth of information 
at its disposal. Possibly continued experimentation will lead us toward 
a new technic distinctive of television. During its early years, how- 
ever, television must borrow from all in creating for itself a book of 
rules. The first chapter of that book is scarcely written. 
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BY 

WILLIAM C. EDDY 

National Broadcasting Company. 

Summary- Lighting a television production presents many problems 
peculiar to this new field of public entertainment. These problems have 
necessitated the redesign of lighting equipment and the establishment of a 
simplified technic for handling the equipment that differs radically from 
moving picture prnrtiee. 

To cope pry prr,'y with the lighting requirements of the continuous action 
sequences, (hnrueteriziny television productions, a system employing inside 
silvered incandescent lamps in a standardized unit was developed by NBC 
engineers. Based on multiple standardized group of 11/2 kw each, these units 
are used in both the foundation light and modeling equipment of the tele- 
vision stInlios in Radio City, thus insuring quantitative as well as qualitative 
control of lighting by the personnel. 

With ( (tuceras genrrolly in motion and an average duration of pick -up 
from one camera a mutter of seconds, the problem of modeling in the sets 
becomes acute. This appears to be satisfactorily solved by the technic now 
in use wherein the major interest is centered around the close -up camera. 
Even this so'ution, however, required new and ingenious equipment to main- 
tain light in the sets and still give floor precedence to the cameras and sound 
equipment. 

While NBC at the present time has appeared to have standardized on the inside silvered lamp, exhaustive tests were carried out in an attempt to utilize more orthodox equipment. Actual tests under production conditions 
proved, however, that certain requirements of space, weight, and flexibility 
could not be had without a serious sacrifice of foot- candles on the set, result- ing in the present set -up of equipment and personnel that are handling the television lighting assignment in the East. 

LTHOUGH the practical application of lighting to the presen- 
tation of television studio programs will admittedly be subject 
to further improvement, the imminence of a public television 

service warrants a description of the lighting equipment and operat- 
ing technic which the National Broadcasting Company has worked 
out as a result of several years of experimentation in this field. 

This description covers primarily the lighting developments since 
1935 when the Radio Corporation of America launched an extensive 
experimental field -test of television. Of considerably greater scope 

* Reprinted from the Journal of the Society of Motion Picture Engineers. July, 1939. 

414 

www.americanradiohistory.com

www.americanradiohistory.com


TELEVISION LIGHTING 415 

than previous tests, it was designed to permit a pre -commercial anal- 
ysis of the art through a combined appraisal of the laboratory -reared 
electrical system and a comprehensive survey of the problems intro 
duced by regular production of programs. 

Starting with studio lighting equipment similar to that used in 
moving pictures, we have gradually evolved a reasonably satisfactory 
solution of our illumination problem that has resulted in a new and 
interesting layout of equipment applicable to the demands imposed 
by television studio operation. This was achieved largely through 
simplification of the equipment and the technic involved in handling it. 

To permit both engineer and director to discuss the lighting set -up 
with a common terminology, and thus facilitate presentations, we 

also simplified the existing abstract definitions of light into two sepa 
rate and distinct classifications: namely, foundation and modeling light 

Foundation light, according to our standards, is the non- character- 
istic flat illumination of a set, irrespective of its origin or amount. It 
is primarily the light energy necessary to create an electrical picture 
in the cameras and provide a foundation to which we can add the 
characteristic or dynamic quality of modeling light. 

Modeling light is any illumination that adds to the contrast or de- 
lineation of the picture. It may be from overhead, from the floor, 
or from the back, but according to our definition, it must create some 
characteristic highlight or shadow, as opposed to the flat illumination 
function of the foundation lights. 

It was, then, the creation of a satisfactory lighting installation for 
television rather than the adaptation of equipment and technics geared 
to an older art that paced our developmental work. It may help to 
follow the reasoning behind our transition from motion picture light- 
ing into the present installation of incandescent sources, if we consider 
chronologically the television studio work at Radio City during th 
formative period from 1935 to the fall of 1938. 

A rough analysis of the requirements for a satisfactory system 
seemed to indicate that flexibility and efficiency were the paramount 
factors to be considered, although glare and radiant heat from the 
units had to be taken into account. Of necessity, the light produced 
had to be a high -level diffused illumination in quantities encountered 
only in the color -film studios. In addition, television required that 
the operation, upkeep, and maneuvering of this light be of such sim- 
plicity that one or two men could satisfactorily handle routine pro- 
ductions. We naturally turned to the standardized fixtures of the 
moving picture lots for our first tests. In the Radio City studio we 
installed routine spots and broads. Due to the limitation of a nineteen - 
foot ceiling, a practical light bridge was out of the question. As a 

www.americanradiohistory.com

www.americanradiohistory.com


416 RCA REVIEW 

substitute, the major portion of our lighting equipment was installed 
on portable stands. Figures 1 and 2 show the arrangement of the 
apparatus for our first television program from Radio City in 1936. 

Fig. 1 -A stage set -up in the television studio. 

Fig. 2 -View of studio showing equipment. 

From a quantitative standpoint, we had little to criticize in this 
installation, but it was immediately apparent that the excessive glare 
and operational requirements of such a battery of lights precluded 
their general use in television. An attempt was made to redesign 
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and redistribute these units, but with little or no success, indicating 

conclusively that equipment of such power and concentration could 

not be left unattended throughout a television sequence and that the 

proper manipulation of this type of illumination required a lighting 
personnel of considerable magnitude. 

Our next step was a gradual conversion from the concentrated type 

of unit to the more diffused and uniform light produced by scoop re- 

flectors and floor broads. Focusing spots and suns were still main- 

tained in the studio, but their function was limited to modeling rather 
than producing the foundation illumination. Lack of space for opera- 

Fig. 3- Illumination by battery of 500 -watt units. 

tion, weight, and their general inefficiency coupled with unbearable 

glare on the set soon proved their impracticability even though the 

unattended light produced by high -efficiency lamps met the require- 

ments of the production staff. During this period, little attempt was 

made to do more than spill into the sets a predetermined quantity of 

shadowless light lacking the characteristic modeling that might prove 

embarrassing in certain sequences. Such a technic reduced the person- 

nel to a minimum, to be sure, but it also produced a television picture 

in the field that was flat, non -dimensional, and on the whole, highly 

unsatisfactory from the program standpoint. 
Our next experimental step toward a television lighting system 

came with the installation of a battery of 500 -watt units (Figure 3), 

each equipped with separate reflector and lens systems. These lights 

were positioned on a gridiron over a single set in such a manner that 
they would produce a cube of uniform, nondirectional illumination 

that, it was hoped, would approximate the character and modeling 
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obtained under high -intensity diffused light. Needless to say, the 
resultant picture showed the effect of flat front lighting. Again the 
spots and suns were brought out from the storeroom and put into opera- 
tion as modeling units in an attempt to create above this pedestal of 
1500 foot- candles the highlights and shades that had been destroyed 
by the basic arrangement of the foundation -light installation. Be- 
cause this system of multi -unit lighting was the first radical departure 
from orthodox lighting practice and the forerunner of our present 
studio equipment, it might be well to go into more detail concerning 
its advantages and shortcomings. 

Fig. 4 -The single -six mounting. 

Coupled with the failure of this installation to produce the required 
quality of light were several equally important deficiencies: namely, 
lack of flexibility, excess weight, and great heat radiation. By reason 
of the bulk of the single unit alone it was necessary to select a certain 
area to be illuminated, a limitation that required the program group 
to parade their subjects within the confines of a limited stage. This 
placed a definite limitation on the efforts of this program group. The 
weight of the installation closely approached the safe load limit of our 
acoustical ceiling, making impossible the addition of further equip- 
ment above the set to reinforce the existing light or to create special light effects. The unit inefficiency of each lamp, lens, and exterior 
reflector created an ambient heat problem that severely taxed the air - conditioning service to this particular studio. These deficiencies made the adoption of this system inadvisable but did indicate the direction of our next step. 
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Photometric tests, conducted in the studio, have already indicated 
that the new inside silvered spotlight would deliver into an area more 

light per watt than the lens, lamp, and reflector assembly or the 

standard incandescent bulb and exterior scoop. This new bulb was 

light in weight and of relatively small envelope size in the wattage 
required. It remained to design a fixture that would permit simple 

adjustment in elevation and direction to satisfy the requirements of 

the multi -set productions proposed by the program staff. Figure 4 

shows such a mounting, known as the "single six." It incorporates E MM OMMM 
' O MEMME MMEMME 
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Fig. 5 -Light distribution curves of Fig. 6- Photometric distribution 
single -six unit and lens reflector unit. of the beam about the center -line. 

six 500 -watt spotlights on a framework of thin -walled steel tubing, 

so arranged that the center -to- center distance between lights is ten 

inches. This insures that the light -beams interlock at a distance of 

eight feet from the fixture and that the light arriving on the set is 

relatively free from spots and secondary shadows. The total weight 

of the fixture, equipped with spots, is slightly less than 19 pounds 

and lamped for three kilowatts produces an index of 18,000 units, 

compared with an index of 7650 units registered by an equivalent 

grouping of lens, lamp, and reflector units. Roughly, this amounts 

to an increase in usable light per watt consumed of approximately 

240 per cent. The distribution of these two test fixtures is best dem- 

onstrated by referring to polar coördinate curves projected on an 

area of approximately 200 square -feet from a height of eight feet. 

In Figure 5 the 300 -foot -candle intensity curve for the "single six" 
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is indicated by the solid line; that of the competitive fixture is shown 
dotted. Areas within these limits serve to indicate relative efficiencies, 
as the wattage, arrangement, and length of throw were held constant 
in obtaining the data. Figure 6, with the solid line again indicating 
the "single six," gives a general idea of the photometric distribution 
of the beam about the center line. 

The mechanical arrangement for flexibility consists of a universal 
clamp for attaching the supporting arm to a gridiron, with rotational 
freedom possible at the fixture itself. A single adjusting screw allows 

Fig. 7 -The double -three unit. 

the operator to set the bank for any desired angle or direction of throw with the framework arranged either horizontally or in a vertical position relative to the studio floor. 
The first of the standardized installations consisted of eighteen of these "single -six" units mounted on the gridiron in such a manner that they could quickly and easily be brought into play on any acting area selected by the production group. As a space- conserving measure a few of these long units were reassembled in two rows of three (Figure 7), designated as "double threes." In certain sets where the light- concentration was high and space at a minimum, this arrange- ment was found to be more satisfactory from an operational stand- point. This type of construction was later mounted on portable stands for use as floor broads. 
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The "single three" (Figure 8), one -half of the "single six," was 
next brought into use for reinforcing light, background flooding, and 
as a general -purpose strip -light of minimum dimensions. 

By standardizing the construction of our unit assembly we were 
assured of uniform spectral characteristics and distribution from each 
fixture rather than a spotty heterogeneous mixture of several types 
of light requiring careful blending on the set. A common standard 
of light -producing unit also allowed us to familiarize ourselves with 

Fig. 8 (Left) -The single -three unit. 
Fig. 9 (Right) -The floor broad. 

the operation of the fixture and, by simple addition or subtraction, to 

meet the studio's quantitative light problems. 

Shortly after completing the foundation -light installation we turned 
to the more complex problem of supplying the characteristic, or model- 

ing, light from the floor. Here again, several problems confronted us, 

resulting in a partial redesign of the standardized mounting. 

The floor broad (Figure 9) is identical with the overhead array 

except that it is mounted on a portable floor stand. Two of these units 

are used normally as reinforcing lights from stage right and left to 

create a rough modeling angle or to temper the shadows on the back- 

drops. In all cases, however, it was required that the operation of 
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these lights should give floor precedence to camera movement. They 
are, therefore, brought into play and taken out frequently during the 
course of a single sequence. The diffused characteristic of this light 
permits such an unorthodox procedure to be satisfactorily carried out 
without leaving an apparent hole in the set illumination. 

Fig. 10- Portable foot light. 

Our modeling equipment is completed by the addition of two other 
units, the portable foot light (Figure 10) and the hand light (Figure 
11) . This floor light, working with and ahead of the close -up camera, 
is maneuvered to highlight the subject properly from this camera 
angle. Such a technic decrees that the intimate close -ups which pro- 

Fig. 11 -The hand light. 

duce the best delineation of halftone value shall benefit by the best 
lighting. It is impossible, of course, to light each shot of each camera 
from the optimum angle in a studio where we find the duration of pick -up from a single camera sometimes a matter of seconds. We 
have, therefore, made it a practice to work toward the camera that best displays our wares, after making sure that the foundation light- ing over the set is so arranged as to supply satisfactory illumination 
for the other cameras. 
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The hand light (Figure 11) is used to reinforce floor light in such 

sequences where a single camera shot can be safely modeled to the 
contrast limit. It is normally used on the wide -angle close -up camera 
and can be fitted with either a spotlight for contrast highlights or a 

diffusing lamp for the more subtle modeling. 

We do not attempt to approach the contrasts common on the stage 
and in motion pictures. In television we are confronted with a highly 
compressed contrast range that permits modeling, to be sure, but also 
holds as a penalty for exaggeration a wash -out or a complete black. 
It is therefore necessary that we work well within these limits, since 
the review and criticism of our lighting technic is by the audience in 
the field rather than by a cutting -room jury. This, however, has 
not restricted the use of modeling light ; the trend, on the other hand, 
being toward the greater contrast that the electrical system will ac- 
cept, in preference to the flat non -dimensional pictures of past years. 
Experience gained by operation and observation appears to be the 
only rule in the use of these modeling fixtures even though we have 
endeavored to take guesswork out of the equipment. 

Our failure to mention back -lighting does not mean that we have 
overlooked the possibilities of this type of illumination. In the studio 
sets we have yet to arrive at a reasonable system of back -lighting 
that will answer all the requirements of flexibility, weight, and opera- 
tion. It is true that we now are using, in our main studios, an ad- 
vanced type of remotely controlled ceiling light that appears to solve 

the problem, but since our findings to date are not conclusive, we felt 
that discussion of this system should be held for the future. 

We make use of one other type of light that merits consideration. 
This equipment is known as the "portrait table," used as the name 

implies : in cases where the picture is primarily a portrait. Four 
lights are arranged at the outer rim of the announcing desk on flexible 

goosenecks adjustable as to height, angle, and throw. By substitution 
of various types of bulbs and variations of the wattage, detailed model- 

ing of the face can be effected with a minimum of difficulty. This 
equipment also has portable back -lighting, which again is controllable, 
making the work shot of this table the television equivalent of a 

studio portrait. 
This enumeration completes the catalog of our lighting technic 

and equipment in the National Broadcasting Company television 

studios. We have tested all reasonable systems of light production 

and are still carrying on these investigations. Lately we have been 

interested in vapor -lamps as a possible adjunct to the system, but 
the complications inherent in a three -phase power -supply and a water- 
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cooling system would appear to make further consideration of present 
models impracticable. 

There have been many statements and many more conjectures as 
to the light used in television studios. We quote pertinent figures 
based on our last six -month period of operation. Our average set illu- 
mination was in the neighborhood of 1200 foot -candles of incident 
light. Our average modeling ratio was 2 to 1, while the average light 
load was slightly more than 50 kw of 110 -volt d -c. Our lowest founda- 
tion lighting level was 800 foot -candles, a play in which the contrast 
throughout the set was carried to the upper limit of the Iconoscope. 
The highest foot -candle reading recorded was slightly less than 2500 
foot -candles, a continuity where, obviously, little modeling was 
attempted. 

In our work of the past three years, we feel that we have estab- 
lished a substantial foundation in television studio lighting on which 
we hope to base an even simpler system. If we appear to have stand- 
ardized certain assemblies and particular light- sources, this does not 
mean that our development work has ceased. It continues with renewed 
vigor as we see our experiments bearing fruit. 
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SELECTIVE SIDE -BAND TRANSMISSION IN 
TELEVISION 

BY 

R. D. KELL AND G. L. FREDENDALL 

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

Summary- Reproduction of television detail in a selective side band sys- 
tem is treated as a function of the modulation factor and the ratio of vestigial 
side band to transmitted side band. A comparison with double side -band 
transmission is included. 

TIIE fundamental limitation placed upon the amount of detail 
which may be obtained ultimately in a television picture is 

the width of the radio -frequency spectrum allotted to a tele- 
vision channel. Six megacycles has been adopted as a standard width 
by the Radio Manufacturers' Association (R.M.A.). After provision 
has been made for the sound channel and guard bands and account 
taken of practical circuit considerations in receiver design there 
remains a spectrum about 5.25 megacycles wide for the transmission 
of picture signals. 

A problem of first importance is a determination of the position 
of the television carrier in a spectrum of fixed width and the ampli- 
tude and phase characteristics over the spectrum that lead to the 
transmission of the greatest amount of detail. The following discus- 
sion is a mathematical analysis of the problem based upon certain 
reasonable simplifications. 

The amount of picture detail refers to the fidelity of reproduction 
at the receiver of abrupt changes in intensity of half -tones in the 
picture at the transmitter. Figure 1 illustrates the typical abrupt 
changes which may occur in the direction of scanning (horizontal 
detail) . The transmission of similar changes which occur at right 
angles to the direction of scanning (vertical detail) does not involve 

the transmission characteristics of the system and thus need not be 

considered. In (a) and (b) the single abrupt change in intensity is 
assumed to be isolated to the extent that the corresponding signal is 
not perceptibly influenced by preceding or following detail. Such detail 
occurs at the junctions between relatively large areas having different 
half -tone values. 

The pulses in (c) and (d) have a width of the order of a scanning 
line and correspond to an isolated narrow line perpendicular to the 
direction of scanning. 

425 
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Two pulses not necessarily of the same height, but separated by a 
distance comparable to the width of the pulse are shown in (e) and 
(f) . These correspond to two closely spaced vertical lines in the pic- 
ture. 

Since all types in Figure 1 are fundamental in the building of 
detail in a television picture, no type can be safely excluded from a 
study of television transmission. 

PREVIOUS STUDIES OF SELECTIVE SIDE -BAND TRANSMISSION 
Almost from the beginning of the transmission and reception of 

television images it was found that a better picture could be obtained 
with the receiver tuned so that the carrier was located on one side of 
the selectivity curve. 

Poch and Epstein' have demonstrated by laboratory measurement 
the improvement in the reception of detail (e) resulting from moving 
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Fig. 1- Television detail. 
the carrier to one side of the selectivity curve of a receiver. They 
gave a mathematical confirmation in the nature of a steady -state 
analysis of the phase and amplitude characteristics of the video signal 
corresponding to a low percentage of modulation of the carrier by a 
single video frequency. In addition to these steady -state conditions, 
it is important to know the response to the wave forms as shown in 
Figure 1.* 

Goldman' has presented a mathematical analysis of the transmis- 
sion of the details in Figure 1 by a selective side -band system. In his 
analysis the carrier was varied over a channel of one specific trans- 
mission characteristic. 

PRELIMINARY CONSIDERATIONS 
If the details shown in Figure 1 could be scanned by a pick -up 

device having an aperture of infinitesimal dimension in the direction 
of scanning, the video signal generated would have the same wave- 

* A paper, "Effect of the Quadrature Component in Single Side -Band Transmission," by H. Nyquist and K. W. Pfleger has been published in B.S.T.J., January, 1940, since this manuscript was accepted by the publisher. 
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form as the transitions in half -tone. The effect of a finite symmetrical 
aperture of a practical scanning device may be obtained by imagining 
that the signal generated by the infinitesimal aperture is passed 
through an electrical filter having no phase distortion, but an amplitude 
distortion characteristic of the particular finite aperture. It has been 
found possible in practice to compensate electrically for the amplitude 
distortion at least up to the highest video frequency which conceivably 
could be accommodated in the proposed television channels. Hence, it 
shall be assumed in the following treatment that suitable correction 
has been made and that the transmitting aperture is not a controlling 
factor in shaping the transmitted signal. 

The video amplifiers at the transmitter are regarded as distortion - 
less up to an abrupt cut -off frequency f (less than the highest fre- 

Fig. 2- Idealized transmission characteristic 
(f.- fe) < (f=+ fe) 

quency of aperture compensation) and, therefore, become the controlling 
factor in modifying the waveform of a picture signal before modula- 
tion of the radio -frequency carrier. A linear detector responding to 
the envelope of the intermediate -frequency signal is commonly 
employed in television receivers and is assumed here. 

If a receiving aperture of infinitesimal width in the direction of 
scanning were possible, the variation in light intensity along a scan- 
ning line would have the same wave shape as the intermediate-fre - 
quency envelope. In practice the receiving aperture is finite, but the 
amplitude distortion thus introduced may be compensated electrically 
to a degree that justifies the assumption of an infinitesimal aperture. 

With the above suppositions, the envelope of the signal at the input 
to the detector becomes a direct criterion of the fidelity of transmis- 
sion. 

POSITION OF THE CARRIER ON THE TRANSMISSION CHARACTERISTIC 

The overall transmission characteristic of the system properly 
includes the characteristics of the radio- frequency circuits at the 
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transmitter and the radio- and intermediate -frequency circuits of the 
receiver. Figure 2 shows idealized overall characteristics which 
(although not physically compatible) presumably could be approxi- 
mated in an actual system. The amplitude characteristic shows partial 
suppression of one side band ; the phase shift is a linear function 
of the frequency. The latter assumption is desirable because thereby 
the best transmission associated with a given amplitude characteristic 
will be obtained. 

If the steady -state amplitude and phase characteristics are derived 
by determining the envelope of the system when modulated with vari- 
ous video frequencies, one at a time, it is found that the position of 
the carrier frequency exerts a large effect on the amplitude character- 
istic. If the carrier is near fl in Figure 2, the high- frequency portion 
is accentuated; if near f_,, the low- frequency portion is accentuated; 
and if fe is half way between f, and f_ the frequency response is flat. 
Harmonics of the modulation frequency are always generated when 
one side -band is partially suppressed ; hence, the conventional frequency 
response of the system may be misleading unless properly qualified. 
If the percentage of modulation is sufficiently low, the magnitudes of 
harmonics are negligible. 

In the analysis of selective side -band transmission the carrier fc 
shall be fixed at the point of 50 per cent response which gives a flat 
frequency response. Frequent comparisons will be made between 
double and selective side -band transmissions. 

REPRODUCTION OF A UNIT FUNCTION DETAIL 
Figure 3 shows a carrier wave modulated by a signal which is the 

response of the video frequency amplifiers at the transmitter to a unit 
function detail. As a consequence of the finite cut -off frequency of 
the video amplifier, the response (Figure 3b) is not a unit function, 
but has the same form as that of a low -pass filter to a unit function. 
The solution for the envelope of the modulated carrier at the output 
(at the receiver) of the idealized selective side -band system of Figure 
2 is derived in Appendix 1 and summarized in Equations (8) and (9) . 

A quantity (f3 - fc) (t - r) is the independent variable in which 
t is the time, 
r is the time delay of the envelope equal to the slope of the linear phase shift curve, 

(f3 - fc) is the video band width. 
The envelope is found to be a function of two parameters, the 

ratio (ff - fi) / (f3 - fc) and a modulation factor m. The modulation 
factor is determined by the relative amplitudes of the carrier before 
and after the scanning of an abrupt edge. This is illustrated in Fig- 
ure 3c. Thus m is equal to unity when one of the carrier levels is zero. 
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The square root of the sum of the squares of the in -phase com- 

ponent P plus a constant and the quadrature component Q define the 
shape of the envelope (Equation 9) . As the modulation factor 
approaches zero, the magnitude of the in -phase component becomes 
large compared with the quadrature component and the envelope 

approaches the case of double side -band transmission. In double 
side -band transmission the quadrature component is zero and the in- 
phase component has the same form as in Equation (8). Thus, the 
effect of the partial suppression of one side band is to introduce 
distortion in the form of the quadrature component. 
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Fig. 3 -(a) Unit function detail. 
(b) Response of idealized amplifier to (a). 
(c) Response of selective side -band system to (b). 
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In Figure 4 a family of envelopes have been plotted according to 

Equation (9) in which the partially suppressed side band (fc - f1) 

is the parameter and m. is equal to unity. A fixed band width of 5.25 

megacycles is used corresponding to the standards of the R.M.A. A 

more explicit independent variable (t - T) is used in place of the 
generalized form (f3 -f ) (t - T) . 

Under the conditions laid down initially, the variation of intensity 
along the scanning line has the same wave shape as the envelope of 

the electrical response. Hence, the axis of ordinates may be regarded 
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as the intensity and the axis of abscissas as the distance along the 
scanning line. 

A distance equal to one scanning line pitch corresponds to 0.12 
microsecond (R.M.A. Standards). 

Several observations may be made when m = 1. 
(1) The steepness of rise for different values of (f, - fi) do not 

differ significantly in the interval -0.15 to 0 microseconds, the range 
of greatest variation in the response. 

(2) The amount of "transient" overswing of each envelope in- 
creases as (f,. - f,) decreases. Under the R.M.A. standard that white 
correspond to zero carrier, the overswing and damped oscillation would 
appear as striations of alternate light and dark bands superimposed 
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Fig. 4- Transmission of unit function detail. 

in the gray region of the white to gray transition. The first striation 
is wider than a picture element and would, therefore, be visible at the 
correct viewing distance from the screen. Succeeding striations are 
of the order of a picture element and, therefore, may not be distin- 
guishable. 

(3) The principle rise that largely identifies the location of the 
transition in the received picture is preceded by an anticipatory step 
which is more pronounced as (fc- f1) is decreased. This step gives 
the visual impression of a blurred transition. In this respect systems 
represented by curves (3) or (4) are definitely superior. 

(4) The fidelity with which a unit function is transmitted through 
a system characterized by a particular value of (f, - f1) may be 
judged by comparing the envelope of the response with the corre- 
sponding video signal which supplies the modulation. It is recalled 
that the video signal at the transmitter is the output of an idealized 
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amplifier having an abrupt cut -off frequency equal to f n = (f3 -fe). 
Thus, envelope (3) drawn for (fe- f1)= 1 megacycle must be com- 

pared with curve (6), the video response to a unit function detail of 
an idealized amplifier for which (f;; - fe.) = 4.25 megacycles. 

The ratio of the average slope (in the region of principal rise) 
of curve (3) to that of curve (6) is about 1.6. Thus, an abrupt 
transition between half -tones appears less abrupt when received in 

the selective side -band system (curve 3) than when applied as a 

modulating signal at the transmitter (curve 6) . 

(5) Curve (5), the envelope of the response of a double side -band 
system 5.25 megacycles wide, has an average steepness comparable 
with those of the envelopes (3) and (4) for selective side -band trans- 
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Fig. 5- Transmission of unit function detail as function 
of modulation factor m. 

mission. This means that for a fixed band width there is no superiority 
of a selective side -band system over a double side -band system for the 
transmission of a unit function detail at percentages of modulation 
near 100 (m near unity) . 

In a video signal as in an audio signal the average percentage 
modulation is low. Many of the abrupt transitions in a television 
subject take place between two half -tones neither of which is white, 
that is, the value of the modulation factor m is not unity. Figure 5 

is a family of envelopes drawn for m = 0.2, 0.6, and 1. (fo - f1) is 

taken equal to 1 megacycle and the band width is 5.25 megacycles as 
in Figure 4. It is observed that the envelopes properly scaled (Figure 
6) approach the video signal as m approaches zero. That is, the 
received signal resembles more and more the modulating video signal 
(cut -off frequency = (f3 - fe) and in this sense becomes distortion - 
less in the limit. This signifies that the fidelity of the idealized 
selective side -band system approaches that of a double side -band 
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system having a band width of 8.5 megacycles for small percentages 
of modulation and that of a double side -band system 5.25 megacycles 
wide for percentages of modulation near 100. 
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REPRODUCTION OF NARROW LINE DETAIL 
A narrow line perpendicular to the direction of scanning is ideally 

represented by the square pulse in Figure 7(1). When the signals 
generated by the scanning device are limited in the amplifiers to a 
band width of 4.25 megacycles, the video waveforms for a pulse 0.15 
microsecond long are shown in Figure 7, curve (2). This pulse cor- 
responds to a line having a width approximately equal to a picture 
element in the present television system. Except for the negative loops 
which should be reflected in the time axis curve (2) is also the envelope 
of a carrier modulated by the pulse with a modulation factor equal to 
one and transmitted double side band with a band width of 8.5 mega- 
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cycles. Curve (3) indicates that the maximum amplitude of the 
response of a selective side -band system 5.25 megacycles wide is the 
same as that of a double side -band system 8.5 megacycles wide. Curve 
(4) is the response when a band width of 5.25 megacycles is used for 
double side -band transmission. Comparing the two modes of trans- 
mission on the same band width it is observed that a narrow line is 

reproduced at only 70 per cent of its proper intensity in the double 
side -band case. 

The apparent width is also a significant characteristic of lines of 
the order of a picture element wide. There is an apparent elongation 
of the pulse after transmission through a selective side -band system. 
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Fig. 8- Transmission of two closely spaced narrow lines. 

As the modulation factor is reduced there is less and less distortion, 
and in the limit the transmission is the same as through a double 
side -band system 8.5 megacycles wide. 

REPRODUCTION OF CLOSELY SPACED NARROW LINES 

The term "resolution" is applied most frequently to the property 
of a system to distinguish between closely spaced narrow lines as 
represented in Figure le. Mathematical expressions have been devel- 
oped in Appendix 3 that afford a revealing comparison of the fidelity 
of selective and double side -band systems for the reproduction of such 
fine line detail. A series of envelopes corresponding to two square 
pulses 0.15 microsecond long and separated by an interval of the 
same length are shown in Figure 8. It is observed that the video 
signal, curve (2), provides resolution of the two lines by sinking to a 
sustained low value between lines. Curve (3) represents the response 
of a selective side -band system and does contain an interval of low 
signal value, but curve (4) for double side -band transmission over a 
band of equal width does not indicate appreciable resolution. This 
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result is certainly not predicted in Curve (3), Figure 7, which illus- 
trated the case of a single narrow line. The sloping edge of the 
reproduced single pulse itself exceeded the separation of pulses in 
Figure 8. An examination of the mathematical expression for the 
envelope (Equation 11) affords the explanation of the apparent con- 
tradiction. The quadrature or distorting components due to the first 
and second pulses partially cancel near the center of the separating 
interval and exactly cancel at the center. 

ECONOMY IN BAND WIDTH 

The economy in band width obtained by means of partial suppres- 
sion of one side band depends therefore upon the range of the modula- 
tion factor. Thus, curves may be drawn for each type of television 
detail showing the relation between the modulation factor and the 
band width required for equal fidelity of reproduction of horizontal 
and vertical detail. This would involve a method of measuring the 
sharpness of transition between halftones in the unit function detail, 
the width of a narrow line, and the resolution of two narrow lines. The 
subject of the measures of vertical and horizontal resolutions in a 
television picture is variously treated by writers and it is not the 
purpose of this discussion to enter into the merits of different methods. 
The permissible range of the modulation factor in a television picture 
will represent a compromise between fidelity, band width, and intensity 
of the transmitted signal. 

CONCLUDING REMARKS 
The intent of this analysis has been to demonstrate the character- 

istic differences of double and selective side -band transmissions of 
television detail and in particular to find a favorable transmission 
characteristic for the latter. The analysis was developed on the 
hypothesis of a linear phase characteristic throughout the pass band 
in order to obtain the optimum envelope associated with a given ampli- tude characteristic. Thus, the envelopes derived here cannot be dupli- cated point for point in a physically possible system in which some phase distortion always resides, but the broad aspects of the idealized treatment may be realized in practice when careful phase compensation 
has been provided. The preceding work may be summarized as follows : (1) If the modulation factor is near 1, a unit function detail is transmitted most faithfully in a selective side -band system when the ratio of the partially suppressed side band to the completely trans- mitted side band (f,- fi) / (f3 - fe) has a value lying between 1/4.25 and 1.25/4. Comparable fidelity is obtained in a double side -band sys- tem of equal band width that requires a video band width appreciably less than in the selective side -band example. As the modulation factor 
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becomes less than 1, the fidelity of the selective side -band system for 
the transmission of the unit function increases, whereas that for 
double side -band transmission (equal band width) does not increase. 
In the limit as the modulation factor approaches zero, the sharpness 
of reproduction in the selective side -band system is about 1.6 times 
greater. 

(2) When the modulation factor is equal to 1 the width of the 
input video signal corresponding to a single narrow line is increased 
about equally after transmission through either system operated over 

equal band widths, but there is a reduction in amplitude of the envelope 
in a double side -band system. The extension in width approaches zero 
as the factor is made progressively smaller in the selective side -band 
system, but there is no change in the other system. 

(3) Two narrow lines are resolved more completely by selective 
side -band transmission for any value of the modulation factor than 
by double side -band transmission over an equal band width. As the 
factor becomes less than 1, the remarks above also apply for the resolu- 
tion of narrow lines. 

APPENDIX 

I. RESPONSE OF A SELECTIVE SIDE -BAND SYSTEM TO A UNIT 

FUNCTION DETAIL 

Figure 3b may be regarded as the limit of a square wave E (t) as 
the fundamental frequency approaches zero and the upper limit of 

the frequency spectrum is held constant. 

E(t) = 
1 

1 +m 

4m N sin (2n - 1) 
1 + E wt 

,r 1 (2n-1) 
(2N- 1)w =wo 

A sine -wave carrier modulated by E(t) has the form 

1 r 2m N 
el (t) = j sin wct + 2 cos [ok - (2n -1) w] t 

1 +m l 7r 

-2m N 
ECOS [we + ( 2n - 1) w] t} 

7r 

(1) 

If el (t) is impressed on a linear system that alters the amplitude 

and phase, there results 

N 

e(t)= 1 Aesin(wct +O 
L 

)y_2m 
A(Zn 

[we - (2n- 1)w]t+B(2n -1) 
1 m + 2n-1 

-1) 

n 1 
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N -2m B(28-1) 
cos {[w,.+ (2n-1)w]t+ß(2n-1)} 

2n-1 

If the phase shift is linear then 

0(211_11 = T[0), - (2n - 1)w] + b 

fl(2n -1) = -T[wc + (2n - 1)w] + b 

T= (t-T). 

(2) becomes 

1 

e (t) = - A,. sin (o)CT + b) 
1 +m 

2 N nt 
+ - c,os , T -r b ) 

>r 1 2)r-1 
AI'_n-1) 

2m N 

+ sin (O' + b) E a 

A(2n-11 

2n -1 

cos (2n.- 1) wT 

sin (2n - 1)(0T 

(3) 
2m 

cos (w,.T 
B(2n -1) 

cos ( 2 n - 1 ) ( 0 7 ' 
2n - 1 

N 2m B(2n -1 i + - sin (weT + b) sin (2n - 1)wT]. 
1 2n - 1 

(3) has the form 

(P+ Ac )sin (wcT+b) +Qcos (w, A0 = P+ 0 2+ Q2. 

1 
+m 

1 +m 
cos [0,,.T+b+f] (4) 

where 

NI F. 2m Al2n-1) B(fn-1) 
P = + sin (2n - 1)wT (5) 

1 +m r 2n-1 2n- 1 
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1 2m N A(2n-11 B(2-1) 
Q = cos ( 2n - 1) wT. 

+ m 7r 1 1 1 2n-1 2n- 

The envelope of the modulated carrier is the coefficient 

4/( P+ 
A , 2 

+ Q2. 
1 +m 

A21,_1 , and B,.._1, may be assigned values in accordance with the 
amplitude characteristic of Figure 2. 

A(2n-11 B(2n-1) 
+ = 

2n-1 2n-1 
P becomes 

1 

2n -1 over the characteristic. 

1 2m ,A sin (2n -1)wT 

1 +m 7 

A(2n-1) B(2n-1) 

2n- 1 2n- 1 

A(2 -11 B(28 -11 

2n - 1 2n- 1 

Q becomes 

1 

1 +m 

2n - 1 

`0 on the sloping part of the charac- 

we-w1 teristic and 

1 on the straight part of the charac- 

2n -1 teristic. 

2m (, P 2m 1 - E cos (2n 1)(0T 
7r (wc-w1) 1 a p+1 2n-1 

cos (2n- 1) wT 

(6) 

where (2p -1)w= (wc -(.01); (2N- 1)w =w0_ (w3 -(0c). 

The first sum in (6) may be simplified by using the following propo- 
sitions 

K+2 

2 1/2 sin (K + 2) B 

Ecos (2n -1)9= . 

1 sin 9 

There results 

p 1/2 sin 2pwT 1/2 sin (w, - w1 + (0) T 
Ecos (2n - 1)(0T = 

sin wT sin wT 
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If w - o there results 

P = 

RCA REVIEW 

(LL.':1-W,)T 

m 1 sin x 
dx 

1 + m ir o x 

(to -to r)T 

Q= 
m 1 sin (we - ) T cos x 

- - dx 
Lr_I)T 1 + m a (u,,.-u,l)T x 

(7) 
CO 

na 1 
r 

sin (w,. - 0)1) T COS cos x 
dx + 

La 1+ m 7r w,. - 0,1 (ur -wl)T x - ) T x 

If a change of independent variable is made in (7) 

and if 
(0,3 - U),. ) T = ) 

w - wl 
=S 

more general forms for P and Q are (8) 

P 
m 1 sin x 

d.r 
1+m 7r o a 

r_ x 
m 1 r sin 7)S cos x cos .r 

Q = -- - d.r + dx 1+ m it 7) S 

S and m are parameters. 
These integrals have been tabulated extensively. 
According to (4) the envelope is the coefficient 

2 OP +- 1 

(1+m) 
2 } 

+ Q'=. (9) 

PART 2. RESPONSE OF A SELECTIVE SIDE -BAND SYSTEM 
TO A SQUARE PULSE 

The equation of a square pulse T1 seconds long is obtained by adding 
2m 

a unit function having an amplitude i and delayed T1 
1 +m 

seconds to E (t) , Equation (1) . The solution for the corresponding 
envelope follows in a manner similar to the development in Part 1. 
The result is 

dx. 
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envelope = \/ p2 + 32 

1 m 
where p= +P(T) -P(T -T1) (10) 

2(1 +m) 2(1 +m) 

=Q(T) - Q(T -T1). 
The P and Q functions are defined by (7) . 

PART 3. RESPONSE OF A SELECTIVE SIDE -BAND SYSTEM 

TO TWO SQUARE PULSES 

Two pulses illustrated in Figure 1c are formed by adding unit 
functions of the following descriptions to E(t) : 

-2m 
amplitude ; delayed T1 seconds 

1 +m 
2m 

amplitude ; delayed T2 seconds 
1 + m 

-2m 
amplitude ; delayed T3 seconds. 

1 +m 
The envelope of the response is 

ß/p2 +32 
where 

1 m 
+P (T) - P(T -T1) +P(T -T2) 

P 
2(1 +m) 2(1 +m) 

- P(T -T3) (11) 

=Q(T) -Q(T -T1) +Q(T -T2) -Q(T -T3). 

Block- shaped signals of any description may be expressed by suit- 

ably combining functions of the unit function type. The envelopes 

will be given by P and Q functions defined in (7). 

PART 4. RESPONSE OF LOW -PASS SYSTEMS TO TELEVISION DETAIL 

a. Unit Function (Figure la) 

2afoT 
1 1 sin x 

e(t) _- - dx. (12) 
2 a o 

b. Square Pulse (Figure 1c) 
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1 
e(t) _- 

71. o 

2rfoT 2r, fo(T -Ti) 
sin x 

dx - 
x 

c. Two Square Pulses (Figure le) 

2rfoT 
1 

e(t) =- 
o 

2rfo(T -Te) 

0 

sin x 

x 

sin x 

x 

dx I 
dx - 

0 

2rfo(T -T,) 

2rfo(T - Ta) 

sin x 

x 

sin x 

x 

sin x 

x 
dx 

dx -1-- 

(14) 

V. RESPONSE OF DOUBLE SIDE -BAND SYSTEMS TO TELEVISION DETAIL 

Same as in Part 4 if fo = 
band width 

2 
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FLUCTUATIONS IN SPACE -CHARGE -LIMITED 
CURRENTS AT MODERATELY HIGH 

FREQUENCIES 
BY 

B. J. THOMPSON, D. O. NORTH AND W. A. HARRIS 
RCA Manufacturing Company, Inc., Harrison, N. J. 

PART II- DIODES AND NEGATIVE -GRID TRIODES 
BY DWIGHT O. NORTH 

Summary -A quantitative theory of shot effect in the parallel -plane 
diode is formulated for any degree of space charge, and for frequencies 
such that transit -time effects are of no concern. Beginning with the steady - 
state description of a diode showing a Maxwell -Boltzmann distribution of 
emission velocities, the theory is founded upon a determisaation of the new 
steady state which results from the injection of a small additional emission 
comprised of electrons of a specified velocity. 

The fluctuations in a diode current I are expressed by 

?= r2 2eIAf. 

For a temperature- limited diode it has long been known that r2 = 1. For 
a diode with anode potential sufficiently negative (retarding field), r2 =1 
also. For the usual space -charged- limited case, i.e., any instance in which 
there is a virtual cathode, r2 is less than unity, but in this paper r2 is 
computed by numerical integration for only those instances in which the 
anode current is a small fraction of the emission. 

In this last case the shot -effect formula is also written, phenomeno- 
logically, to correspond with Nyquist's well -known expression for thermal 
agitation in a passive network of conductance g, thus: 

F.=0 4kTgpf. 

Here T is absolute cathode temperature and g is diode conductance. The 

/ 2 

dimensionless factor e is found to be virtually a constant 1 B - 1 
3 

for the whole range of normal anode potentials with asymptotic value, 

e,..3 (1 
1 ) 
4 

in the limit of high anode potential. That is, the mean -square noise gen- 
erated by emission fluctuations is roughly numerically equal to two -thirds 
of the noise of thermal agitation generated by a resistance of magnitude 
equal to the a -c resistance of the diode and possessing a temperature equal 
to the cathode temperature. 

The theory is extended to cover shot effect in the anode circuit of a 
triode with negative grid. Unless the amplification factor y is very low, 
the same formulas apply, except that g is now interpreted as the con- 
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ductance of the "equivalent diode ". Following recent practice, the anode - 
circuit shot effect is exressed in terms of an ohmic resistance Re» at room 
temperature Te in the grid circuit, the thermal agitation of which produces 
an equal fluctuation in the anode circuit, thus: 

where g... 

e T 1 R.,,=---, 
a T.. g,,. 

is the transconductunce « nd 

between 0.5 and unity. 
The diode in thermal equilibrium (diode of any geometry, all at one 

temperature, no source of energy) is analyzed to show that the fluctuations 
can be quantitatively reckoned as either shot effect or thermal agitation 
with the same numerical results. It is argued that here only can these 
distinct concepts be merged into one. 

Diode measurements show noise consistently higher than the theoretical 
predictions, the factor of disagreement amounting to an order of magnitude 
at high currents. This is qualitatively accounted for in a satisfactory man- 
ner in terms of a small amount of elastic reflection of electrons at the anode, 
an hyopthesis supported by published experimental work. 

Negative -grid triodes are usually not subject to such complications; 
this is evidenced by good agreement between the triode formulas and measurements of a variety of modern tubes, including not only the usual 
quasi- cylindrical structures, but even one flat structure with a V -type filament. The theory is, therefore, believed to be extensively valuable as a guide to low -noise amplifier design. 

For modern tubes, a lies 

THEORY 

INTRODUCTION AND REVIEW OF STEADY STATE 
IN PART I it was shown that an adequate analysis of space- charge- 

reduced shot effect must recognize that the reduction associated 
with fluctuations in emission of electrons having a specified emis- 

sion velocity is, inter alia, a function of that velocity. This investiga- 
tion will, therefore, be confined initially to ascertaining the net fluc- 
tuations in current which occur as a consequence of true shot fluctua- 
tions in the emission of electrons of a specified velocity. The total 
reduced shot effect, measurable in a suitably connected circuit, will 
then be established by summing over the whole gamut of initial 
velocities. 

It can be seen immediately that the character of the results will 
be determined largely by the Maxwell -Boltzmann (M -B) laws of dis- 
tribution. At the same time it becomes apparent that the theory will 
have to be founded upon a steady -state description which embodies 
these laws. As often happens, the processes of analysis are impeded 
least by confining ourselves to a parallel -plane model, for the desired 
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description of the steady state is well known.' " -8a Whether or not the 
results obtained can be applied to other types of structure is a question 
relegated to subsequent experimental studies. The treatment and 
notation of Fry and of Langmuir will be employed here inasmuch as 
these references are likely to be most accessible. To conserve space 
and to avoid unreasonable repetition of these published works, it will 

be assumed henceforth that the reader is acquainted with the general 
nature of these papers, particularly the work of Fry. 

The steady -state potential within a space -charge- limited parallel - 
p :ane diode, the cathode of which produces an unlimited supply of elec- 

trons with zero emission velocity, is represented by the well -known 
expression, 

11t 
2/s 

E = 9r ---¡ I x4/8, 
2e 

(1) 

in which E is the potential at a distance x from the cathode, I is the 
cathode current per unit area, ni is the mass of an electron, and e its 
charge (throughout, this symbol implies a positive quantity) . The 
potential of such a hypothetical case is illustrated by curve A of Fig- 
ure 1. 

In actuality there is a finite emission current I, per unit area 
possessing a M -B distribution described by the usual exponential law. 

If we let v8 be the normal component of an electron's initial velocity, 

and if we define two useful equivalent potentials, thus: 

1 kT 
-mv8"=eVs, - =Ve, 
2 e 

one aspect of the M -B distribution can be written 

vs 

(2) 

I8 Ve 
dVB. (3) d15 = e 

Ve 

In (2), k is Boltzmann's constant (= 1.37 X 10 -16 ergs / °K), and T is 

the absolute cathode temperature. Equation (3) defines the portion 

1P. S. Epstein, "Theory of Space- Charge Effects," Verh. d. Deut. Phys. 
Gesell, Vol. 21, p. 85, (1919) . 

2 T. C. Fry, "The Thermionic Current Between Parallel Plane Elec- 
trodes: Velocities of Emission Distributed According to Maxwell's Law," 
Phys. Rev., Vol. 17, p. 441, (1921) . 

8I. Langmuir, "The Effect of Space Charge and Initial Velocities on 

the Potential Distribution and Thermionic Current Between Parallel Plane 
Electrodes," Phys. Rev. Vol. 21, p. 419, (1923) . 

I. Langmuir and K. T. Compton, "Electrical Discharges in Gases," 
Rev. Mod. Phys., Vol. 3, p. 191, (1931). 
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d18, of the total emission current I8, composed of electrons whose initial 
normal velocities, expressed in terms of the equivalent potential V8, 

lie within the narrow limits V8 and V8 + dV8. The actual potential 
function, therefore, has the appearance of curve B, the potential 
minimum E,,, adjacent to the cathode serving as a gate which permits 
electrons of higher velocity to proceed to the plate. These constitute 
the cathode (or anode) current I. The rest of 18, consisting of electrons 

1 
whose emission velocities are such that - na v82 < le E,,,I, is returned 

2 

CATHODE ANODE 

X 

1- Potential functions in a space- charged -limited diode. 

to the cathode without having crossed the potential minimum or 
"virtual" cathode. 

The potential function in this case is best described by replacing 
E and x by quantities 

77 and E, respectively, having the following 
definitions, 

E-Em 
11= 

Ve 

7r S/4 

= 4 m1/4 e1/2 /1/2(x - xm) . 
2kT 

(4a) 

(4b) 

It should be noted that the origin of coordinates is thereby shifted to 
the potential minimum. In the a- space, to the left of the virtual 
cathode, is negative; in the ß- space, to the right of the virtual 
cathode, is positive ;l while i is positive in both spaces. The steady- 
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state potential distribution then appears, in Fry's notation, as the 
solution of the cryptic differential equation, 

d 2 

_ (7), 
d 

(,) being shorthand for either of two expressions, 

(5) 

40 

'; a SPACE 

30 

0 

20 

10 

/3-SPACE 

-2 o 2 4 6 14 16 

do 
Fig. 2- Solutions of the differential equation 

dE 

8 10 12 18 20 

2 

43 ( 77) =fn - 1 + T7/'/"-eerf r7'/=' 

V.:Tr 

2= sh(n). 

(6) 

The upper sign is used for the a- space, the lower sign for the ß- space, 
and the error function is defined : 

2 Y 

erf y = e -x2 dx (7) 
\7 o 

The solution of this equation has already been effected by mechan- 
ical means, with the assistance of series approximations. It is plotted 
in Figure 2 which, in terms of n and , embodies all plots of E against 
x, such as curve B, Figure 1. The solution is tabulated in Table I, 
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taken intact from Langmuir's paper.' In Table II there are listed the 
values of ¢ for values of y < 10, and of sbß for values of '1 < 100. 
These were calculated directly from (6) with the help of tables of 
the error function, except for values of ¢ß for q > 1 which were com- 
puted from the asymptotic series. The series expansions are very 
valuable in checking the tables, and, in addition, give much informa- 
tion as to the behavior of the functions. 

TABLE I 

-e(Y Çß '1 -$ $ß n -y(Y $ß 

0.00 0.0000 0.0000 3.0 2.2338 4.4750 20 2.5538 14.8260 
0.05 0.4281 0.4657 3.2 2.2650 4.6524 25 2.5539 17.1931 
0.10 0.5941 0.6693 3.4 2.2930 4.8261 30 19.4253 
0.15 0.7167 0.8296 3.6 2.3183 4.9963 35 21.5522 
0.20 0.8170 0.9674 3.8 2.3410 5.1634 40 23.5939 
0.25 0.9028 1.0909 4.0 2.3615 5.3274 45 25.5643 
0.30 0.9785 1.2042 4.5 2.4044 5.7259 50 27.4740 
0.35 1.0464 1.3098 5.0 2.4376 6.1098 60 31.141 
0.40 1.1081 1.4092 5.5 2.4634 6.4811 70 34.642 
0.45 1.1648 1.5035 6.0 2.4834 6.8416 80 38.007 
0.50 1.2173 1.5936 6.5 2.4990 7.1924 90 41.258 
0.6 1.3120 1.7636 7.0 2.5112 7.5345 100 44.412 
0.7 1.3956 1.9224 7.5 2.5206 7.8690 150 59.086 
0.8 1.4704 2.0725 8.0 2.5280 8.1963 200 72.479 
0.9 1.5380 2.2154 9.0 2.5382 8.8323 300 96.877 
1.0 1.5996 2.3522 10 2.5444 9.4465 400 119.185 
1.1 1.6561 2.4839 11 2.5481 10.0417 500 140.068 
1.2 1.7081 2.6110 12 2.5504 10.6204 600 159.885 
1.4 1.8009 2.8539 13 2.5518 11.1845 700 178.861 
1.6 1.8813 3.0842 14 2.5526 11.7355 800 197.146 
1.8 1.9515 3.3040 15 2.5531 12.2747 900 214.850 
2.0 2.0134 3.5151 16 2.5534 12.8032 1000 2.5539 232.054 
2.2 2.0681 3.7187 18 2.5537 13.8313 
2.4 2.1168 3.9158 
2.6 2.1602 4.1071 
2.8 2.1990 4.2934 

When 77 « 1, 

1 1 

Oßn(n) = 7)+ 
2 

,2+ ,73+_ 

When » 1, 

2 
¢a(n) - 2Fn- ,)'/2-1-- 

V7n 

2 2 4 
,M1 /2 

,. 3 + + 15 

1 1 ; 1:, 1-- - - 
Va 71' - 27/ x,i 

2 1 1 3 15 
Os (n) ^' n1/2 1 + -- +- - + - - - 

Nr7, 277 4,1' 877' 1677' 

1 Langmuir, loc. cit. 

(8) 
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TABLE II 

71 sa(n) 0a(0 71 00(1) 

0.00 0.0000 0.0000 10 2.75 
0.01 0.0109 0.0093 15 3.51 
0.02 0.0224 0.0180 20 4.17 
0.03 0.0345 0.0265 25 4.75 
0.04 0.0469 0.0347 30 5.29 
0.05 0.0599 0.0427 35 5.77 
0.06 0.0731 0.0505 40 6.23 
0.07 0.0867 0.0583 45 6.65 
0.08 0.1009 0.0657 50 7.06 
0.09 0.1153 0.0731 60 7.81 
0.1 0.1300 0.0804 70 8.51 
0.2 0.2944 0.1484 80 9.15 
0.3 0.4897 0.2101 90 9.77 
0.4 0.7164 0.2672 100 10.32 
0.5 0.9764 0.3210 
0.6 1.2722 0.3720 
0.7 1.6068 0.4208 
0.8 1.9836 0.4674 
0.9 2.4067 0.5125 
1. 2.8806 0.5560 
2. 11.846 0.932 
3. 36.94 1.23 
4. 105.68 1.50 
5. 293.1 1.77 
6. 802.8 1.99 
7. 2,190 2.20 
8. 5,960 2.39 
9. 16,200 2.57 

It will be convenient to use Subscripts 1 and 2 to denote values of 
quantities such as or n at the cathode and anode, respectively. This 
brief description of the steady state is then completed by observing 
that 

1/I8 =E-711. (9) 

When I, Ie and T are specified, the operating voltage (E2 - E1) can 

be found' by first evaluating n, from (9) . The value of t1 is then 
located in Table I. Knowledge of the distance (x.,- x1) between elec- 

trodes permits 2 to be derived from (4b) . The value of 772 is then 
located in Table I, and the desired (E2 - E1) from (4a). The process 

of finding I, when the operating potential is specified, follows the same 

tactics; various values of I are assumed and the corresponding poten- 

tials determined; the I which corresponds to the specified (E2 - E1) 

is then located by interpolation or read from a current- voltage plot. 

' Langmuir and Compton, loc. cit. 
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ANALYSIS OF SHOT FLUCTUATIONS 

Upon this steady -state foundation the succeeding analysis of fluc- 
tuations will be constructed. Inasmuch as all of the work entails 
numerical integration, one very important simplifying assumption 
will be made. It will be supposed that 

1 /18 -- O. (10) 

In effect, this means that g, will always be assigned the asymptotic 
value, -2.554, which is suggested by Figure 2 and tabulated in Table I. 
Although this may at first appear to be a most severe limitation, it 
is not, in fact. For example, reference to Table I shows that i is only 
16% below its asymptotic value when n, = 3.0, which is to say, in view 
of (9), when I /Ix = E -3 1/20. One may expect to run across dis- 
agreement between theory and measurement on this account in case 
thoriated or pure- tungsten emitters are used. But, ordinarily, oxide - 
coated cathodes produce enough emission to place 1 /18 far below the 
figure cited, so that, in such applications, the assignment of discrep- 
ancies to this limitation of theory will not be just. Nevertheless one 
should not lose sight of the assumption, for it is tantamount to what 
might be termed "complete space- charge limitation ", and the final 
expressions to be evolved are valid only in this domain. If, for instance, 
the noise is measured while the cathode temperature (emission) is 
slowly dropped, one should expect the measured shot effect to depart 
eventually from the theoretical value given in this paper, and to move 
to higher levels through an uncharted region, finally arriving at a 
magnitude prescribed by Schottky's original formula for true tem- 
perature- limited shot effect simultaneously with the disappearance of 
the last vestige of a virtual cathode. The transition region is left 
unanalyzed in this paper, not because it is not understood, but simply 
because it requires much crank turning, yet promises little of practical 
interest. 

The only further limitation of note is the confinement of discussion 
to frequencies low compared with the reciprocal of the electron transit 
time. Although there is every need for an understanding of shot 
fluctuations at ultra -high frequencies, it comes not on the wings of 
the morning, but only through a comprehension of the phenomena at 
frequencies unmolested by transit angles. This particular limitation 
simplifies the treatment tremendously. For, as pointed out in Part I, 
we shall consequently be concerned with fluctuations of a duration 
great enough that the analysis need only search for the description 
of the new equilibrium state into which the diode settles when, in 
addition to its original emission 18, one admits a small steady incre- 
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ment is (v5) possessing a specified normal emission velocity vs. Despite 
the fact that fluctuations in emission really do occur at random over 
the surface of the cathode, so that, to be exact, every emerging electron 
should be regarded as a "noise" electron, we shall nevertheless suppose 
is to be spread uniformly over the cathode area, even as Is itself. That 
no precision is sacrificed through use of this artifice was proven in 
Part I, where the question was discussed in detail. 

Hereafter, for brevity, we shall suppose the cathode potential to 
be zero (E1 = 0) . As before, we shall replace vs by an equivalent 
potential V. defined in the manner of (2), 

1 - mvs2 =e Vs. (11) 
2 

Let us further define a dimensionless quantity, 

Vs +Em 
A,_ 

Ve 
v 

(12) 

it being understood that Em is negative. This quantity can be used in 

place of vs to designate the emission velocity of electrons comprising 

is. If vs be chosen so that is crosses the potential minimum to strike 
the anode (Vs > - E,,,), X is positive. For smaller choice of vs such 

that the electrons proceed only part way to the potential minimum, 

stop, and return to the cathode, A. is negative; in fact, - ni < À < 0, 

the lower limit corresponding to vs = O. In the 77, diagram, Figure 2, 

the turning point for these electrons will, of course, be a function of A. 

and will be that point for which 1I = - À. 

We are now prepared to construct a -for the moment -purely 
formal expression for the space- charge- reduced shot current fluctua- 

tions in the anode circuit. For every is (À) we shall find the new 

equilibrium current I (identified with a fixed emission Is, and there- 

fore not including is (X) itself) which flows in the presence of is (X) . 

This permits a determination of the net increase in anode current 

over the steady -state I which flows in the absence of is (A.). Both I 

and I are to be evaluated under the assumption that the electrode 

spacing and operating voltage are held fixed.* The ratio of this net 

increase in anode current to the quantity is (X) will, for small is, be a 

function of À and not is. It will be denoted by y (À) and is of value 

* In Part I it was shown that the basic quantity to be determined is 

the fluctuation current. The voltage it produces across a connected circuit 
is only a simple problem in algebra involving both the external circuit and 
the internal impedance of the tube. Fluctuations of the latter, although 
certainly present, being initiated by fluctuations in space charge, represent 
a negligible contribution to the fluctuation voltage and will not be further 
discussed. 
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in that it represents the linear reduction factor by which a change in 
emission is converted into a change in plate current. Now confining 
our attention to the emission current dI8 composed of electrons whose 
normal emission velocities lie between A. and A. + dÀ, we find from (3), 
(9), and (12) that its magnitude is 

dI8 =I E X dÀ. (13) 

This differential -sized emission current exhibits true shot fluctuations, 
expressible by the following well -known formula for the mean -square 
fluctuation current i- in a band width .1f : 

d(F)8= 2e (dl 8) pf, (14) 
or, in terms of (13) : 

d (i2) 8 = 2el f f (E -x dÀ) (15) 

But every variation in emission is, as we have said, linearly reduced at 
the anode by the factor y (A) . The resulting fluctuations in anode 
current to be associated with electrons of this velocity class are, 
therefore, 

d (i2) = 2eIL f [y2 (X) E -X dÀ]. (16) 

Since the fluctuations in emission of one velocity class are presumably 
independent of fluctuations in all other classes, the total fluctuation 
current in the anode circuit is the integral of (16) over À: 

i2=2elpf y2(X)E dA. 
-711 

(17) 

The quantity 2eIt f is recognized as the true shot effect to be 
expected from a temperature- limited current I. The mean -square 
fluctuations in the present space- charge -limited current I are, there- 
fore, reduced below the true shot effect by the factor, 

r2 

=f.0 

y2 (X) dJl. 
m 

(18) 

This is the quantity of principal interest. The evaluation of the integral will be treated in two sections, thus: 

r2 = rat + rß2 

0 

Pat = 
- 

y2 (A) E X dÀ, 

77 

rß2 = y2 (A) E x dÀ. f 
0 

cc (19) 
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The subscripts a and ß are appropriately used to signify the reduction 
factors associated with the two main groups of electrons, those whose 
emission velocities are insufficient to take them across the virtual 
cathode and out of the a- space, and those whose velocities permit them 
to enter the ß -space and thus proceed to the anode. It should be 
observed that there is an intrinsic distinction to be made here, namely, 
fluctuations i8 (À > 0) contribute directly to the anode current, whereas 
fluctuations i8 (X < 0) do not. 

More precisely, 

1-I 
Y (X) = , n1 < À < 0, a-group, 

i8(X) 
(20) 

I -I 
Y(X) =1-I- ,0 <A <oo, 13-group. 

is (X) 

Inasmuch as the great majority of a -group electrons are returned 
before coming very near to the potential minimum, we should expect 

to find rat « rß2. This will be borne out in the succeeding analysis. 
Furthermore, for either group, one should expect Lim y (X) _ - oo, 

X =0 
since an electron which comes permanently to rest* in the virtual 
cathode produces a permanent decrease in plate current. And yet, for 
the ß- group, Lim y (X) = 1, since the influence of an electron in transit 

X -+oo 

must be a monotonic decreasing function of its transit time. It follows 

that there must be a certain X > 0 such that y (X) = 0. One should 

reasonably expect this X to correspond to a velocity at the virtual 
cathode roughly equal to the mean velocity of the M -B current I at 
the same point. In other words, one should predict y (X) = 0, for 
X -, 7r/4. This also will be verified. 

EVALUATION OF re 
When, in addition to the M -B emission I8, a current i8 (X > 0) is 

produced at the cathode, the anode current I which is derived from I8 

can be represented as the solution of 

do 2 i8 2 
_ - -[ - X - VT, 1 + 4 (n) (21) 

d i v it 

* The nature of the potential function in the vicinity of the virtual 
cathode, (8), permits this view, for it shows that an electron just able to 

reach the potential minimum requires an infinite transit time. 
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or 

where 

((in 2 is 

de 
= p F (, A) + 4) (n) 

2 
A ) V,) + ,\ -VA- . 

\/ 7r 

(22) 

(23) 

This expression is valid in both the a- and ß- spaces, with the under- 
standing that the appropriate form of 4 (n) be employed in each case, 
cf. (6). The construction of (21) will not be entered into; the reader 
will find it simple enough if he avails himself of the methods employed 
by Fry in developing the basic equation (5). That (21) is correct can 
be inferred from the following useful identity: 

I co 

F(,,A)F- dA - oß(n), (24) 

This means, naturally, that if, instead of confining i8 to a specified 
velocity A, we distribute its velocities so that at the virtual cathode i8 
has the same velocity distribution as P, (21) reduces to the same form 
as (5) in the ß- space, which not only is absolutely necessary, but 
should be sufficiently convincing that (21) is properly constructed. 

Now, since we always assume is « 1, and I, we shall continually 
neglect all but the lowest power of i8 /I or i8 /1. The differential equa- 
tion can, therefore, be written 

1 is F (n,A) dry 
d =± 1 - -- 

2 I 4(,) 4)(701/2 

where the proper sign is to be used for each space. 

For the ß -space :- 

Integrate (25), 0 < Ê <_, O < <7/ 2, 

(25) 

A A 
A " d, 1 is F (ri,A) 
t2 (26) 

/ß(77)1/2 2 I U 00(103/= 

Solution of the unperturbed problem, (5), gives 
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d17 

ckß (71)1/2 
(26a) 

A 
The differences (íßj - ,1) and ( - ) evaluated at end points are also 
to be looked upon as first -order infinitesimals. The difference between 
(26) and (26a) is, therefore, 

A I n 'lz -'1s 1 Za F(,a) - _ = d. ( 27 ) 
ß('12)1/2 2 I 0ß(0312 

For the a -space :- 
A similar treatment shows 

A 
A 171 711 1 i Y 

741 

F OP) 
g1 - g1 = + 0.00" 

dn. (28) 
4x(771)1 /'2 2 I Jo 

We shall set up the difference between (27) and (28). First, however, 

we define 
1 

tt D=-(t2-51)+ ('%2)-112+0a(/1)-1/-. (29) 
2 

Then observe that, for small variations, and with the aforementioned 
stipulation that the operating potential is invariant, there follows from 

the definitions, (4a) and (4b) : 

A A E,,, - 
n2-'/2='11-'1)1= =log-= 

ve 1 

A A 

(g2-g1)-(2-t1)=(e2-51) 

P-1 
I 

p 1 1-I 
-1 =-(e=-e1) 

I 2 I 

r(30) 

When (29) and (30) are used in taking the difference of (27) and 

(28), rearrangement of terms shows 

1 -1 1 m F WO n2 F (11,À) + dnl. 
is 2D o 4, (0 

d i 0ß(03/2 

The negative sign confirms the view that every transit of an electron 

of this group effects a momentary drop in the M -B space current. With 

regard to (20), we have finally: 
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1 F(71,X) '1" F(71,,t) y(a)=1 --- di (31) + 
43 (03" I ß(ry)33 2D o 

From this point evaluation of y (A) proceeds, perforce, numerically. 
And there is now introduced, for simplicity, the previously discussed 
assumption that the emission IN is copious enough to warrant postulat- 
ing 

I /Is =0, 

which reduces in (31) to the equivalent statements, 

ii =r, ¿, _ - 2.554, 4a (no= , 

so that 

1 

D = -(: + 2.554) + (71:)-'/=' , 
2 

(32) 

a function of i'_, alone. Likewise y (A) itself reduces to a function of 
and A alone. 
The numerical work was carried out with the help of a computing 

machine and Tables I and II, together with auxiliary tables con- 
structed from these, e.g., 4.(n)3/2 and 00(03/2. The details are for 
the most part uninteresting and will be described only in brief. After 
a value of was chosen, y (A) was found from (31) for a series of 
values of 71_, 5 < ,1., < 100, by trapezoidal integration. This computa- 
tion was repeated for a large number of selected A's, 0.05 < A < 5. 
Both of the integrands in (31) become infinite at the origin; hence, 
in the range 0 < < 0.01, these integrals were evaluated directly, 
using the series expansions (8). The outcome is a numerical repre- 
sentation of y as a function of two parameters, 772 and A, in the 
domain: 

5 <,/, 100 

0.05 5. 

The representation cannot be carried to A = 0, for y exhibits a logarith- 
mic discontinuity at this point. It could have been carried to zero for 
772, but there is little point in it for when i._ = 0, the virtual cathode 
has moved over to the anode and there is no "gate" action -hence no 
reduction in shot effect -so that we know a priori that P = re= 1. 
More will be said of this situation later. The range of 772 was limited 
to values thought to be of practical interest. For example, V. is about 
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0.1 volt for oxide -type cathodes, whereas the operating potential is 
typified by 3 volts, in which event ,7.2 is approximately 30. 

This stage of the calculations, being intermediate, merits only 
momentary attention to the nature of the function y. In Figure 3, 

curve B shows y (a) when = 30. The unbroken line contains the 
calculated values; the dashed line shows the logical extrapolation in 
both directions. As predicted, the point for which y = 0 lies near 1r/4. 

Plots of y for other choices of n2 show precisely the same qualitative 
character and need not be exhibited. It is now patent from Figure 3 

0.5 ASYMPTOTICALLY 
TO I 

0.4 

.Jr 

0.3 

B 

ti(X) 
0.2 

0.1 

-3 -2 -I 0 I 2 
X 

3 4 5 

A 

-0.I 

-0.2 

111 =ao 

1)Z=30 

1 

-0.3 / 
f 

-0.41 

LOGARITHMICALLY 
f\ 

TOT.= 

Fig. 3- Shot -effect reduction factor y as a function of X (velocity) for 
A -the a -group of electrons which fail to reach the virtual cathode. B -the 

ß -group of electrons which traverse the virtual cathode. 

that the reduction factor varies so widely with the emission velocity 
of the electrons that it is absolutely necessary to investigate each 
velocity class separately. The point is emphasized by the offensive 
behavior of fluctuations associated with electrons barely able to cross 
the virtual cathode (X slightly > 0), these fluctuations proving to be 
so over -compensated (y < -1, y2 > 1) that their net fluctuations are 
in excess of the true or temperature- limited shot effect. 

This portion of the analysis is completed with a numerical integra- 
tion of (19), giving rß2 as a function of 172. For example, the value 
of re when 772 = 30 was found by squaring the ordinates of curve B, 

Figure 3, multiplying by E -X and making a trapezoidal integration over 
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the range 0.05 < ,\ (5, for which numerical values of y(A) had been 
computed. The additional contributions, 0 < A < 0.05 and 5 < A < oc, 

were calculated by direct integration from series approximations. The 
former can be handled in no other way because of the logarithmic 
discontinuity at the origin; the latter is a relatively insignificant con- 
tribution since - -` vanishes rapidly. The result is tabulated in Table 
III and plotted in Figure 4. The heavy line contains the calculated 
values, while the light line shows the logical extrapolation. The dashed 

24 
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20 

B 
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.10 

.oe 

....---TO 1 AS q=+0 - » 

- . 

_ 
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02 

r= A 

, 
< 

O( -I-) 
s 

.. 0 ' . . :.- _. '. 
1= 

Fig. 4- Shot -effect reduction factors for the case, I;'7. « 1. 

line shows the asymptotic form approached for large 1.. This is found 
from (31) through consideration of the largest '1_ -terms only, and 
use of the asymptotic form of ¢0 (,11 as given in (8) . In brief, for 
large >>_, the first indicated integral in (31 ) vanishes in comparison 
with the second, and 2D can be replaced by e... The second integral 
has already been shown to possess a logarithmic discontinuity for 
A = O. This can be overlooked, however, for the integral is otherwise 
an increasing function of 712 so that, for any finite A, choice of a 
sufficiently large 712 permits that portion of the integral which depends 
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on to overshadow the portion which depends on logA. Assuming 
finally that X « n. one finds 

3 / 1 

(33) 
X > 0 \/7/2 \ 2 

7/2 - r 

It is quite apparent that this form bears only a very slight resemblance 
to the curve of Figure 3 and approaches incorrect limits for both large 
and small X. The difference in appearance means only that 30 
is too small to permit the use of (33) . Of the incorrect lower limit 
enough has just been said to justify the omission from (33) of the 
additive term which contains the proper logarithmic discontinuity. 
That the upper limit is incorrect is only natural in view of the assump- 
tion X « n.,. In spite of this, relation (33) may be used to find the 
asymptotic form of l'ß22 because of the rapid attenuation furnished 
bye X. The result of putting (33) into (19) is 

9 7r 

I'6, -- 1-- 
772 -> x V., 4 

(34) 

EVALUATION OF F,t2 

This study parallels the other so closely that its description can 
be made brief. Since the current i8 consists, in this case, of electrons 
which have normal emission velocities insufficient to carry them over 
the virtual cathode (- < < 0), and since those electrons of a 

specified velocity X turn about at the point r7= -A, it will be under- 
standable that, in contrast with (21) , there are now three distinct 
differential equations, the simultaneous solution of which determines 
the M -B anode current 1 derived from the M -B Is when an additional 
i8 (À < 0) is produced at the cathode. 

For the ß-space: 

For the a -space : 

d 0<71< 712 

2 

=0a(77),0<n<-, 

2 i8 A -a <97 < 

(35) 

_\2=4ß(77), 
dt 

dn 

d 

di) 

4 =-G(77,A)+cka(n), ni 
1 
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where 
4 

G (ri,A) _ VT) + A . (36) 

As before, the construction of these equations will not be described: 
it is simple, but lengthy. The stamp of credibility is affixed by noting 

o 2 
G(71,A)e adA=-2 J n 

111/2 - en erfril/2 = ya00-0/3(0 ' 
(37) 

which the reader can interpret, like (24), to mean that under the 
proper conditions (M -B distribution of i8) the set (35) reverts to the 
form (5). 

Repeating the process of taking the infinitesimal difference between 
the solution of (35) for I and the unperturbed solution of (5) for I, 
we arrive by familiar stages at the statement, 

1 
n= G (71,A) 

y(A)=- dn. 
0 2D a (n) 3/2 

(38) 

Again it is convenient to suppose the emission I8 very copious, so that 
D takes the form (32) and the upper limit of the integral above is 
made infinite. The integral then becomes a function of A alone, and 
one numerical integration, therefore, suffices to permit representation 
of y for all values of 772, since 7%2 influences the function only through 
the definition of D. 

These integrations were performed for chosen values of A in the 
range 0.01 < -A < 3, observing the same precautions at discontinui- 
ties and methods similar to those outlined earlier. A sample plot for 
712 =30 is shown in Figure 3, curve A. 

Finally ra2 is determined from a numerical integration of (19) 
with the result: 

0.729 
ra2 = (39) 

This function has a marked maximum at 772 0.8, when rat - 0.0513, 
but vanishes rapidly, of course, as 772 approaches zero. The values of 
ra2 versus n2 are also listed in Table III and plotted in Figure 4. 
The expectation that ra2 « re is confirmed. For a practical instance, 
say i2 = 30, ra2/r2= 0.11; for larger 712, the ratio diminishes slowly. 
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COMPOSITION AND INTERPRETATION 

The measuring device cannot discriminate between rn2 and I'ß2. 

The important quantity, their sum in, is shown in Table III. And in 
Figure 5, P is plotted against 71.2. This curve, in effect, describes the 
ratio of r -m -s current fluctuations appearing in the anode current of 
a space -charge- limited parallel -plane diode to the fluctuations in an 
equal temperature -limited current. Once more, the heavy line contains 
the calculated values, while the light line shows a reasonable extra- 
polation. The asymptotic curve for large 772 is again included for com- 
parison. The trend with both temperature and applied potential should 
be self -explanatory. 

Rough agreement with experience is already noticeable, for most 
reports of noise measurements on modern amplifying tubes indicate 
an r -m -s reduction of 1/3 to 1/5. But Figure 5 is an inconvenient 
basis for comparison because the parameter n_, is difficult to ascertain. 
It requires knowledge of the depth of the potential minimum, which, 
in turn, requires a determination of the ratio 1/18. A plot of t against 
(772 - X11) is hardly an improvement because of serious errors that 
may arise when the applied voltage is not corrected for contact 
potential. A much more useful universal parameter is found as fol- 
lows. Starting with 

E2 
7/z-ryi1 = 

Ve 

,e2 - 1 « I1/= 

I8 

i1 = log 

al 

and defining the diode conductance by g = (i.e., the reciprocal 
3E2 

of the a -c diode resistance) , one can demonstrate that, under the 
assumption of invariance of I8 and T when I is altered by varying E2, 

I 
=D013072)1/2 (40) 

gVe 

The quantity on the left will become our new parameter, replacing ,12 

and being defined by (40) which is principally a function of ,1._ only, 

and becomes entirely independent of 711 if it is again supposed that 
I18 - 0. This assumption was made in plotting 1/g Ve against 772 in 

Figure 5. 
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Fig. 5- Shot -effect reduction factors for the case, I /I, << 1. 

From the two curves of Figure 5, the plot of r in Figure 6 was 
made. This curve is entirely suitable for experimental checks of the 
analysis since current, conductance and cathode temperature are acces- 
sible parameters. Too, the reader has no doubt foreseen that represen- 
tation of r in this way permits a test of the theory against non -planar 
structures. 

The analysis might logically terminate at this point were it not 
for widespread curiosity over the connection (if any) between this 
type of shot effect and the current fluctuations of thermal origin 
(Brownian movement) known to exist in any short -circuited ohmic 
resistance. According to Nyquist's formula,' the thermal current 
fluctuations in an ohmic resistance whose conductance is g, and whose 
temperature is T are represented by 

.1 = 4kTgpf. 

(k = Boltzmann's constant, f = band width) 

Let us then suppose that our space- charge- limited diode exhibits 
pseudo -thermal fluctuations (that they cannot be considered truly 
thermal has been emphasized in Part I) . We, therefore, describe the 
space- charge- reduced current fluctuations by the empirical formula, 

= o 4kTg/ f , (41) 

' H. Nyquist, "Thermal Agitation of Electric Charge in Conductors," Phys. Rev., Vol. 32, p. 110, July, (1928). 
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Fig. 6 -Shot -effect reduction factors for the case, I /I, « 1. 

TABLE III 

n_ t_ 072)1/2 D r: r- r2 

I 

e gVe 

0 0 0 r_ 0 1 1 1 

5 6.110 1.33 5.08 0.0282 0.1663 0.1945 0.441 6.76 0.657 

10 9.447 1.66 6.60 0.0167 0.1043 0.1210 0.348 10.96 0.663 

15 12.275 1.87 7.95 0.0115 0.0775 0.0890 0.298 14.9 0.663 

20 14.826 2.04 9.18 0.0086 0.0621 0.0707 0.266 18.7 0.661 

25 17.193 2.18 10.33 0.0068 0.0519 0.0587 0.242 22.5 0.660 

30 19.425 2.30 11.43 0.0056 0.0448 0.0504 0.224 26.3 0.663 

35 21.55 2.40 12.47 0.0047 0.0394 0.0441 0.210 29.9 0.659 

40 23.59 2.50 13.47 0.0040 0.0352 0.0392 0.198 33.7 0.661 

45 25.56 2.58 14.45 0.0035 0.0319 0.0354 0.188 37.3 0.660 

50 27.47 2.66 15.39 0.0031 0.0291 0.0322 0.179 40.9 0.658 

60 31.14 2.79 17.21 0.0025 0.0248 0.0273 0.165 48.0 0.655 

70 34.64 2.92 18.94 0.0020 0.0217 0.0237 0.154 55.3 0.655 

80 38.01 3.02 20.61 0.0017 0.0192 0.0209 0.145 62.2 0.650 

90 41.26 3.13 22.23 0.0015 0.0173 0.0188 0.137 69.6 0.654 

100 44.41 3.21 23.80 0.0013 0.0157 0.0170 0.130 76.4 0.649 

I/I, - 0 so that = -2.55, nL --' co 
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and our problem is to discover the relationship between B and '_, or 
I/g Ve. Since we have formerly written 

= l'2 2elpf , (42) 

identification of (41) with (42) shows that 

1 I 1 
B=-I'2 =--1'2 DO9(r12)1/2 

2 g Ve 2 
(43) 

The right -hand side is a combination of known functions of 712 and 
serves to define 0. Values of B, calculated in this manner, are listed in 
Table III and plotted in Figures 5 and 6 against 712 and I/g Ve, 
respectively. The asymptotic value is also shown (dashed line) ; its 
magnitude is found from (34) together with 

so that 

I 2 
=Dkß(%)1/=''s'-712, (40a) 

g Ve 3 
(7/2-- .0) 

7r 

B 3 1-- =0.6438. 
(n2 co) 4 

(44) 

In this place it should be recorded that the asymptotic solution was 
first developed by W. A. Harris of these laboratories. Working along 
similar lines and independently, he arrived at the above expression in 
March, 1936, prior to the completion of the author's analysis. Indeed, 
the simplicity of his result, together with its substantial accord with 
contemporary experimental work,' added incentive to the more detailed 
study just described. 

The value of B for vanishing '12 (incipient retarding field condi- 
tion) is also found easily from the following limit values: 

Lim 
'12 -0 

I 

g Ve 
= s(772) 1/2 =1 

Pat = 0, r2 - I1ß2 = 1, so that (45) 

1 
e =-. 

2 

' G. L. Pearson, "Shot Effect and Thermal Agitation in an Electron Current Limited by Space Charge," Physics, Vol. 6, p. 6, January, (1935) . 
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It is interesting to note how rapidly O rises and how closely it cor- 
responds to the asymptotic value (44) throughout the whole practical 
working range. (Slight fluctuations in the tabulated values are to be 

attributed wholly to small errors arising in the numerical work.) Be- 

cause of this fortunate property, equation (41) recommends itself as 
the formula for space- charge- reduced shot noise most useful in engi- 
neering application ; and for most purposes sufficient accuracy will be 

obtained by assuming O (p2) to be simply a constant equal to the 
asymptotic value, namely, 0.644. Although, whenever one is principally 
interested in the noise reduction attributable to space charge, it will 

be convenient to revert to (43) : 

g Ve g Ve 
F'--=28 ---1.29 

I I 
(43a) 

Inasmuch as I increases more rapidly than g as (say) voltage is raised, 

it is apparent that although r2 becomes smaller it decreases more 

slowly than the true shot effect increases so that the net result is a 

steadily increasing noise proportional to the diode conductance. It may 

be said then that the mean -square noise generated by emission fluctua- 

tions in a space- charge- limited diode is roughly numerically equal to 

two -thirds of the noise of thermal agitation generated by a resistance 

of magnitude equal to the a -c resistance of the diode and possessing 

a temperature equal to the cathode temperature'. Yet the two phe- 

nomena must not be confused in concept. For, thermal agitation is 

known to be a form of Brownian movement, and finds its origin in the 

equipartition of energy among the various mechanical and electrical 

degrees of freedom of a substance in thermal (i.e., kinetic or statis- 

tical) equilibrium. The diode, on the other hand, while clearly in a 

stationary state, cannot be regarded as a system in a condition of 

thermal equilibrium so long as there is a battery providing plate 

voltage and energy. The mechanics of the two phenomena are, there- 

fore, distinct; the formulas alone exhibit a resemblance. The only 

instance in which complete identification can be made is that in which 

the plate voltage is zero and the whole diode (anode as well as cathode) 

is brought to a common temperature. This interesting situation will 

be discussed briefly in a later section. 
It is of interest to perfect the picture of shot noise by considering 

the case of a retarding field. The mean -square noise at the threshold 

1 In our oral report of this week (Rochester Convention, November, 
1936), we quoted "six- tenths" instead of the present "two- thirds," (cf. 
Electronics, Vol. 9, No. 11, p. 31, November, 1936). The alteration follows 

discovery of a numerical error which required that all values of ra2 be 

raised by the factor 16/3. 
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of a retarding field condition has already been shown, (45), to be 
precisely half the thermal -agitations value. One can easily demonstrate 
that equations (45) are all valid throughout the retarding -field region. 
There is no virtual cathode, hence no space -charge reduction ; and 
since 1/g Ve = 1, it is numerically immaterial whether one regards 
the noise as true shot effect expressed by 

11, 2eIL f, 

or half -thermal fluctuations expressed by 

1 

F= - . 4kTg p f. 
2 

(d) e=2 

['2= ive 
=1 

Fig. 7- Schematic survey of shot effect in a parallel -plane diode, all modes of operation. 

This identification was first remarked in print by F. C. Williams,' who also showed good experimental agreement with the theory, and pointed out the nature of the modifications necessary when the formu- las are to be adapted to cylindrical structures. These modifications are of no great consequence unless the ratio of anode to cathode diameter is much larger than customary in conventional equipotential- cathode structures.2 
We are now in a position to diagram the shot effect for virtually all modes of operation of a diode which approximates a parallel -plane structure. The applicable formulas will be either or both of (41) and (42). In Figure 7 four operating regions, (a) -(d), are schematically demarcated by three curves of space potential. Curve I represents 
' "Fluctuation Noise in Vacuum Tubes Which Are Not Temperature- Limited," Journ. I.E.E., Vol. 78, No. 471, p. 326, March (1936) . Cf. footnote, p. 468. 
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that potential distribution for which the virtual cathode coincides with 
DE 

the cathode = 0 at cathode ; curve I shows qualitatively a 
Dx 

mode of operation such that I /Is = 1/5 (say) ; curve III gives the 
potential distribution for which the virtual cathode coincides with 

DE 
the anode -- = 0 at anode , which is the condition of incipient re- 

3x 

tarding field. Region (a) : there is no virtual cathode, and the diode 
is, therefore, temperature- limited so that the classical shot -effect 
formula obtains, i.e., r = 1. No significance can be attached to (41) 
for, except for field currents or other anomalous behavior, g =O. 
Region (b) : no tabulation has been made for this region where I /I8 
is not sufficiently small that the present analysis can be used with 
negligible error. Close study is so lengthy and provides so little addi- 
tional engineering information that mention will be made here of only 
a few rough estimates of error incurred if the tabulated values of 
r2 and e are employed. The value I /Is = 1/5 is of course an arbitrary 
choice for the boundary curve II. If 7/ 2 = 10 (anode potential approx- 
imately 1 volt, for a cathode temperature of 1000 °K), the tabulated 
value of r2 is low by approximately 1 per cent and 0 is low by approx- 
imately 11/2 per cent, when I /Is = 1/5. Larger values of 712 (higher 
anode potentials or lower cathode temperatures) reduce the error. 
For I /Is = 1/3 and the same i2, the errors in r2 and O are approximately 
4 and 6 per cent, respectively. And for I /I8 = 1/2 the errors are only 
about 10 and 15 per cent, respectively. It is clear, then, that r2 departs 
appreciably from the tabulated values only when the tube is nearly 
temperature -limited and then climbs rapidly to unity as 1 approaches 
41 Region (c) : this is the region of practical operation of virtually 
all biased diodes giving high emission. The virtual cathode effects a 
reduction in emission fluctuations, and the tabulated values of r2 and O 

should show negligible error. Region (d) : with the appearance of a 
monotonic retarding field, the virtual cathode and, therefore, the reduc- 
tion of shot effect simultaneously vanish. Throughout this region 
r2 = 1, 0 =1/2, and when used in their respective formulas, they pro- 
duce identical numerical results. 

1Spenke has carried out the complete numerical integration for two 
examples and shows for them the sharp rise of r to unity described here; 
E. Spenke, "The Space- Charge- Reduction of Shot Effect," Wiss. Verö,ff. 
aus den Siemens-Werken, Vol. 16, No. 2, p. 19, July, (1937) . In a more 
recent study, Rack has shown graphically the influence of the ratio I /I, for 
the complete range, 0.05 < I /I, < 1; A. J. Rack, "Effect of Space Charge 
and Transit Time on the Shot Noise in Diodes," B.S.T.J., Vol. 17, No. 4, 
p. 592, October, (1938) . 
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THE DIODE IN THERMAL EQUILIBRIUM 

It was mentioned above that one could expect the shot effect in a 
diode to be completely identified with the thermal agitations of its 
resistance only when the diode is unenergized and the whole of it put 
at one temperature. Let us demonstrate this identity by showing that 
the formula for shot effect proves to be, in this instance, identical with 
Nyquist's expression for the thermal agitation. Consider an electrode 
(1) surrounded by an electrode (2), the material of which each is 
constructed being unimportant. The electrodes are short- circuited and 
the diode is maintained at temperature T. Both surfaces emit, but 
at rates which are not necessarily equal, since, for example, the work 
functions are not prescribed. Yet the current I1, that portion of the 
emission from the first electrode which is absorbed by the second, 
must be equal to 1., (similarly defined) on the average. This statement 
will be recognized as a direct outcome of the second law of thermo- 
dynamics. The average current through the short -circuiting link is 
therefore zero, but fluctuations are present nevertheless. If these 
fluctuations are traced back to variations in emission, they are prop- 
erly labeled "shot effect "; yet, if they are simply accepted as a manifes- 
tation of Brownian motion, they are just as properly termed "thermal 
agitation ". 

Adhering for the moment to the latter point of view, we find that 
Nyquist's formula provides a valid measure of the fluctuations. For, 
we need only observe that we have here a two -terminal, unenergized 
circuit element at a uniform temperature. Its short -circuit fluctuations 
are, therefore, 

i2 = 4kTgpf, (46) 

where g is the real part of the diode admittance at the frequency in 
question. Confining ourselves, as usual, to frequencies at which transit - 
time effects are negligible, we may say that g is simply the low -fre- 
quency conductance. It is not difficult to obtain an expression for g. 
Suppose that a voltage E is included in the circuit, making the outer 
electrode more positive. In case the situation is not complicated by 
individual collisions,' it can readily be shown by kinetic theory that 

E 
I1/I2=E-, 

Ve 
(47) 

1 This assumption is reasonable, except for exceedingly high space - charge densities, not likely to be encountered in practice. Cf. I. Langmuir and K. T. Compton, "Electrical Discharges in Gases," Rev. Mod. Physics, Vol. 3, No. 2, p. 220, (1931) . 
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regardless of the geometrical configuration, coefficients of reflection, 
contact potential, etc. Consider now variations of Il and 12 against E 
with T fixed : 

a11 aL aE 

11 I2 Ve 

The conductance is, therefore, 

a (I1 -12) 1 

9= 
aE V,. 

E=0 
Il =I2=I 

(48) 

where 1 is the equilibrium current emitted by either electrode and 
absorbed by the other. And this expression is valid whether or not 
there exists a virtual cathode in the equilibrium state. Consequently, 
the thermal fluctuations can be written 

i'- = 41e0f. (49) 

Turning now to the kinematic viewpoint, we note that the emission 
current from either electrode exhibits true shot effect, so that the 
mean -square current fluctuations in the short -circuiting link are simply 
the sum of the separate shot effects associated with the currents I1 and 
12. To calculate this sum, we must first determine the space- charge- 
reduction factor r for each current. Suppose that the equilibrium 
state is perturbed by the injection of an additional small steady emis- 
sion i8 from the first electrode. The emission velocities of the electrons 
comprising i8 will be permitted any values whatever. The question is : 

In what way is the original equilibrium affected? Now except for 
individual encounters, which we suppose highly improbable, the elec- 

trons in i8 disturb the equilibrium only in so far as they introduce a 
potential field superimposed upon that which existed initially. The 
diode, therefore, settles into a new equilibrium state such that the 
space -charge density is everywhere slightly altered, yet, except for 
the injected electrons i8, at every point in space the M -B distribution 
still obtains. The originally equal equilibrium currents Il and 1.2 are 
now somewhat reduced, but still equal. It follows that whatever frac- 
tion of i8 is absorbed on the second electrode is accompanied by no net 
increment in the equilibrium current, and this is true whether or not 
there exists a virtual cathode in the equilibrium state. There is conse- 
quently no space- charge reduction of noise, r = 1, and 

= 2e (Il + 12) of = 4e/.6f. (50) 
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In the equilibrium case, then, the two viewpoints are only alternative 
aspects of the same phenomenon. The identification is logical and 
complete. Where space -charge densities are low enough to make indi- 
vidual collisions unimportant, all of the dynamical processes which 
maintain the electrons in thermodynamical equilibrium occur within 
the electrode material. The space between electrodes is only a passage- 
way through which electrons travel without incident. 

With this in mind, we can now understand thermodynamically that 
the shot effect of a normal diode operating in the retarding -field con- 
dition should have turned out to be precisely half -thermal. Consider 
a diode in thermal equilibrium, and, if there is a virtual cathode, let 
the emission from the electrode of higher work function become 
smaller by raising the work function until the virtual cathode has 
disappeared. If the diode is parallel -plane, this emission is now tem- 
perature- limited, i.e., it contributes nothing' to the conductance g given 
by (48) . On the other hand, it is stilt responsible for half the shot 
effect as represented by (50), because I1 =1.2 is still valid, nothing 
having been done yet to destroy thermal equilibrium. But now we 
remove the temperature- limited current altogether, say, by lowering 
the emitter to room temperature. The noise is halved, the conductance 
is unaltered, and the half -thermal fluctuations of a parallel -plane diode 
operating in retarding -field condition are provided with thermody- 
namical significance. 

NEGATIVE -GRID TRIODES 

The foregoing study is, of course, but a preliminary to the problem 
of chief interest, namely, noise in amplifying tubes. To see how the 
theory of diodes can be adapted to a triode, imagine the conversion of 
a parallel -plane diode by adding grid wires one at a time. When only 
two or three grid wires are in place, and biased negatively, the space 
potential is badly disrupted. Moreover, electrons on the plate side of 
the grid wires still contribute materially to the potential in the vicinity 
of the virtual cathode. Noise analysis at this stage would be painfully 
difficult. Hence, there is little to be said about very low-IA tubes, except, 

' It should be noted that this statement is partly hypothesis. If the 
coefficient of reflection is a function of velocity, the conductance of any 
unilateral current flow will be affected, whether the field be accelerating 
or retarding. The nature, even the existence of such a function, is still 
moot (cf. Compton and Langmuir, Rev. Mod. Phys., Vol. 2, No. 2, p. 171, 
1930; also W. B. Nottingham, Phys. Rev., Vol. 49, p. 83, 1936) . Overlooking 
this difficulty as well as the possibility of field emission, the reader should 
observe that the statement is still not applicable to all geometrical con- 
figurations. As long as there are any electrons which, from an energy 
standpoint alone, would fall on the collector, but which fail to do so because 
of momentum considerations, the conductance is finite for a temperature - 
limited current, and is not easily formulated for any mode of operation. It 
is on this account that the present analysis is restricted to parallel -plane 
structures. 
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perhaps, to set limits for the noise. When, with the addition of more 
grid wires, the control grid stands complete, with a µ of say, 5 or more, 
the space potential can generally be considered very regular again, 
except in the immediate neighborhood of the grid wires. A first 
approximation to the shot current fluctuations, exact in the limit of an 
infinite µ, would then amount to neglecting the grid -plate region alto- 
gether, and applying the diode analysis directly to the grid- cathode 
space. The anode potential of the diode, E2, would have to be inter- 
preted now as the "effective" potential of the grid plane, Ea, i.e., that 
potential which, when applied to a solid sheet in the grid- plane, would 
draw the same cathode current. In addition, g would now be viewed 
as the conductance of this equivalent diode. This procedure recognizes 
the contribution which electrons in the grid -plate space make to the 
steady -state space potential on the other side of the grid, but does not 
take account of their contribution to r2. For this reason, theoretical 
values of shot effect so determined should be a little too high. The 
error, however, should be practically unimportant where high -µ tubes 
are concerned. For, in the first place, an electron's contribution to 
noise reduction must vary inversely as its velocity and its distance 
from the virtual cathode. Second, the grid mesh is a good electric 
shield. 

1 

Ea=v E.1 +-Er, 
µo 

' 1 4 1 
-1 

Q= 1 -{-- 1 +-y(1+h)--h2(6+4h+h2) 
µo 3 3 

x grid -anode spacing 
= -= 

x, cathode -grid spacing 

Tp grid -anode transit time h=-= 
Tc cathode -grid transit time 

h3 

µo = N 1 -- 
y 

(51) 

µ = "cold ", i.e., electrostatic amplification factor 

To put this procedure into effect, one must relate Ea and g to the 

grid and anode voltages. It will be assumed throughout that the grid 

has negative bias so that the plate alone collects electrons. The best 
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formulation of Ea to date is (51), derived by Llewellyn,' which takes 
into account the influence of space charge upon space potential, but 
assumes zero emission velocities. 

The grid -plate transconductance (for negligible transit angles) is, 
therefore, 

g,,, = ay, (52) 

and since it is easily measured, whereas g cannot be measured at all, 
g,,, will be used in place of g in the expressions for shot effect. Thus 

(41) becomes 
B 

= - . 4kTg,,,Of, 
a 

O g,,, Vc 129 g,,, V 
and (43a) becomes 1'2= 2 

if I a I 

Under ordinary circumstances a will decrease somewhat with an 
increase in current, because h increases. This behavior may be marked 
for low -µ tubes, but becomes less pronounced as µ is increased, since 

(41a) 

(43b) 

Lim a =1 
µms°° 

It will not in general be correct, therefore, to assume that a is strictly 
a constant; for conventional tubes, it will usually lie between 0.5 and 1. 
Inasmuch as h is usually less than 0.5, rough estimates of a for 
parallel -plane structures may be made by supposing h = 0, whence' 

r 1 4 1 0.-t1 +-[1 +---y . (51a) 
µ 3 J 

No rigorous formula analogous to (51) has yet been developed for 
cylindrical structures. The analogue of (51a), however, has long been 
known:2 

1 

acr1.^'.1 -1-- 
µ 

2 rp 
1 -I- -log - 

3 r 
(51b) 

J 
This expression is limited to structures in which the ratio of grid to 
cathode radius is larger than about 10. For smaller ratios the formula 
for plane structures will suffice. 

The current fluctuations in the plate circuit (without load) are now 
seen to be principally a function of conditions between cathode and 
grid. And in contrast with the diode fluctuations, it is no longer pos- 

' F. B. Llewellyn, "Operation of Ultra- High - Frequency Vacuum Tubes," 
B.S.T.J., Vol. 14, p. 659, October, (19351. 

2 B. D. H. Tellegen, "The Value of Cathode Current in a Triode," Physica, Vol. 3, p. 301, (1925). 
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sible to find a simple empirical relation between triode shot effect and 
thermal agitation in an ohmic resistance of magnitude equal to the 
anode resistance. Following (41a), attention is more properly focused 
upon the transconductance. 

The shot voltage eo appearing across a load Z in the output circuit 
of a negative -grid triode whose plate resistance is rp, is from (41a), 

6 
e02= - . 4kTg,,,if 

v 

rZ 2 

(53) 
r-}- Z 

Inasmuch as the principal sources of local noise in amplifiers are 
thermal agitation in the input circuit and shot effect in the first tube, 
it has often been remarked that, instead of (53), a more useful formula 
for shot effect is found by referring the plate- current fluctuations back 
to the input circuit. This effective input fluctuation voltage is then 
that voltage which, applied between cathode and grid, produces in the 
output fluctuations equal in magnitude to those actually generated by 

shot effect. The effective input shot effect can then be compared 
directly with the thermal agitation of the input circuit. In fact, instead 
of expressing the shot effect as a voltage, we may symbolize it by a 
resistance Reff, i.e., that resistance which, at ambient temperature, 
exhibits a thermal agitation voltage equal to the effective input shot 
voltage of the tube. This we do as follows. Since the transconductance, 
g,,,, represents the ratio of output current (without load) to input 
voltage, we have from (41a), 

i2 9 4kT 
ei2 = _ . of. (54) 

gm2 gm 

Nyquist's expression for thermal agitation voltage across a resistance 

Refs at room temperature To is 

ei2 = 4kTo Reff f (55) 
Equating the two voltages, we obtain 

O T 1 

Reff = - ' 
v To gm 

A brief numerical estimate will serve to indicate the order of mag- 

nitude of Reff. Using figures typical of coated -cathode receiving tubes, 
let us choose T = 1000°K, To= 300 °K, O = 2/3, v = 3/4. Then, 

Reff 3 /gm. 

With transconductances of 1000, 1500, and 10,000 micromhos, respec- 

tively, such a tube would exhibit shot effect equivalent to the fluctua- 

tions arising from thermal agitation in resistances connected between 

grid and cathode of magnitude 3000, 2000, and 300 ohms, respectively. 

(56) 
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(The close approximation of these estimates to measured values of Ren 
already published at once attests the validity of the theory and implies 
its successful adaptation to cylindrical structures.) So long as the 
input impedance actually employed presents a real component R 
(Z = R + j X) two or three times greater than Ri.,,, the limit of useful 
amplification is set by thermal agitation ; this is generally the state of 
affairs in the case of sharply tuned circuits and high -gain tubes, e.g., 
in broadcast receivers properly designed. When the reverse is true, 
and R,,,, R, the shot -effect problem becomes acute and anything 
which can be done to restore the original inequality, R,.1, « R, with- 
out slighting performance requirements will increase the intelligibility 
of small signals. A case in point is the television receiver ; in brief, 
the requirement of a pass -band width of several megacycles necessi- 
tates a low tuned -input impedance comparable in magnitude to the 
R,,1, of conventional tubes, so that shot effect may be a serious concern. 

A more detailed study of this and other noise problems is postponed 
(Part V) until we have completed our analysis with a description of 
shot -effect phenomena peculiar to multi -collector tubes, i.e., those in 
which the cathode -current stream is collected at two or more electrodes 
(Part III). For the present it will be sufficient simply to note the 
obvious recommendations of (56) . As stated previously, O is prac- 
tically a constant and little can be done to reduce it. Similarly o is 
practically a constant and generally offers, at most, a maximum of 50 
per cent improvement. Furthermore, T is at present confined to rather 
limited regions in the vicinity of 1000 °K for coated cathodes and 
1900 °K for thoriated tungsten. Other things being equal, coated 
cathodes are, therefore, to be preferred. It is, of course, possible to 
lower the temperature below the recommended value and still maintain 
performance, but in general a drop of 200° or so brings the tube so 
near the temperature -limited condition that the formulas given are 
vitiated, and the signal -to -noise ratio decreases sharply (see Figure 
11). Fortunately, there always seem to be ways to improve transcon- 
ductance; although the mean -square output noise is proportional to g,,,, 
the equivalent input noise varies as 1 /g,,,, so that it is profitable to 
use as high a transconductance as possible. This notion is hardly novel, 
for it has long been recognized that increase in gain, per se, would 
improve the input signal -to -noise ratio. The derived proportionality 
of mean -square output noise to g,,, serves to render this expected 
improvement not inexistent, but simply smaller than conceived in 
dreams. Other things being equal, then, a change in structure which 
doubles g,n should cut the mean -square input noise of a triode in half -not a magnificent improvement, but the only thoroughly practical 
method available. 

(To be continued) 
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A METHOD OF MEASURING FREQUENCY 
DEVIATION 

BY 

MURRAY G. CROSBY 
Engineering Department, R.C.A. Communications, Inc. 

Summary -A method of calibrating the frequency deviation of a fre- 
quency modulator is described in which the carrier is heterodyned to a beat 
note and filtered so that the carrier zero points may be observed as modula- 
tion is applied. From the known conditions existing at the carrier zero 
points the frequency deviation may be determined. 

HE method of measuring frequency deviation about to be 

described here has been used extensively by the writer in meas- 

uring frequency and phase deviations and is believed by him to 

be the simplest and most reliable of any system used. The method is 

based upon the amplitude characteristic of the carrier in a frequency - 

modulated wave when a single sinusoidal modulating wave is applied. 

It is well known that the amplitudes of the carrier and side frequencies 

of a frequency -modulated wave vary according to Bessel Functions as 

shown in Figure 1. The carrier is proportional to the zero -order Bessel 

Function, Jo (Fd /F,,,) , where Fd is the peak frequency deviation, F,,, is 

the modulating frequency, and the ratio Fd /F,,, is called the modulation 

index. The frequency deviation concerned in this case is the amount 

the frequency varies away from the unmodulated carrier frequency 

on one side, and would be one -half the total excursion of the wave on 

both sides of the carrier frequency. The total excursion is sometimes 

called the "swing ". 

The first side frequency is proportional to the first -order Bessel 

Function, Ji (Fa /F,,n) , the second side frequency is proportional to the 

second -order function, J9(Fd /F,,,), and so on. As an example, if the 

frequency deviation is 10,000 cycles and the applied modulating fre- 

quency has a frequency of 5,000 cycles, the modulation index would 

be equal to 2. For this index, the carrier has an amplitude of 0.224 

times the amplitude of the unmodulated carrier (see Figure 1) . The 

first side frequencies have an amplitude of 0.577 times, and so on. 

Figure 2 shows how the amplitude of the carrier varies as the 

modulation index is varied when the phase reversals are disregarded. 

It will be noted that the carrier has unit amplitude when the index 
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is zero (Fd = 0). As the index is increased, either by increasing Fd or 
decreasing F,,,, the carrier amplitude decreases and becomes zero when 
the index has the value 2.405, 5.52, 8.654, etc. It can be seen that if 
a method of detecting these zero points is available, each point fur- 
nishes an ideal calibration point if the frequency of the modulating 
tone is known. For instance, if a 1,000 -cycle modulating tone is 
applied and modulation increased until the carrier is at the first zero 
point, it will be known that the frequency deviation is 2,405 cycles. 
This follows since it is known that for this condition the modulation 
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Fig. 1- Variation of the amplitudes of the carrier and side frequencies of 
a frequency modulated wave as the modulation index is varied. It will be 
noted that these Bessel Functions, which give the carrier and side -band 
amplitudes, are quite similar to the ordinary sine and cosine functions. Thus 
instead of having sin X and determining the value of sin X from a table of 
sine and cosine functions, we have Jn (X) and use a table of Bessel Functions. 

index, F,I /F,,,, is equal to 2.405. Then Fd = 2.405 times 1,000 or 2,405 
cycles. Likewise, at the second minimum the deviation will be 5,520 
cycles for the case of a 1,000 -cycle modulating tone. If the modulating 
tone were increased to 2,000 cycles, the first zero point would indicate 
a frequency deviation of 4,810 cycles, the second 11,040 cycles, and so 
on. Thus, the modulation frequency may be varied to obtain the fre- 
quency deviation of a modulation input level which would not normally 
produce a carrier zero. 

Figure 3 shows a diagram of the apparatus required for the detec- 
tion of the carrier zeros. The unmodulated carrier. is tuned in on a 
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receiver which has a beating oscillator capable of heterodyning the 
carrier to an audio beat note. This beat note is passed through an 
audio filter which removes the side bands of the wave from the fre- 
quency- modulation generator being calibrated. For instance, if the 
modulating tone were 1,000 cycles, the filter would be something less 
than 2,000 cycles wide so as to remove the side bands spaced from 
either side of the carrier by 1,000 cycles. The indicator at the output 
of the filter may be headphones or a loud- speaker. 

The measurement procedure consists of recording the modula- 
tion input levels which correspond to the carrier minimums. The 
unmodulated carrier is first tuned through the audio filter to give 

Io 

e 

6 

4 
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O 
N 
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Fig. 2- Variation of the amplitude of the carrier alone as the modulation 
index is varied. The phase reversals indicated in Figure 1 are disregarded 
in order to more clearly picture the amplitude characteristic of the carrier 

as the modulation index is varied. 

maximum output in the phones or loud- speaker. Modulation is then 

applied until the first carrier zero is obtained. At this point the fre- 
quency deviation is equal to 2.405 times the frequency of the modu- 

lating tone. Increasing the modulation still further produces the 
second minimum at which point the frequency deviation is equal to 

5.52 times the frequency of the modulating tone. The following is a 

list of the modulation indexes obtained at the carrier zeros as deter- 

mined from a Bessel Function table': 

1 The most complete set of Bessel Function Tables known to the writer 
is contained in the British Association Report, 1915, p. 29 -32. Photostatic 
copies of these tables may be obtained from the Engineering Societies 
Library at 29 West 39th Street, New York City at a cost of seventy -eight 
cents. The following books also contain somewhat less extensive tables : 

Jahnke -Emde, "Tables of Functions ". Gray and Mathews, "Treatise on 
Bessel Functions ". 
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Zero Index Zero Index 

1 2.405 6 18.071 
2 5.520 7 21.212 
3 8.654 8 24.353 
4 11.792 9 27.494 
5 14.931 10 30.635 

It will be noted that the first zero differs from the second by an amount 
equal to 3.115 which is almost equal to 3.1416 or ir. This difference 
approaches 7r for the higher zeros and for practical usage in measuring 
deviation may be taken as equal to 7r (with an error of less than 0.5 
per cent). 

ANY RECEIVER 
CAPABLE OF 
HETERODYNING 
THE CARRIER 
DOWN TO AN 
AUDIO BEAT NOTE 

BAND -PASS 
FILTER 

FREQUENCY AUDIO 
MODULATION OSCILLATOR 
GENERATOR OF KNOWN 

TO BE FREQUENCY 
CALIBRATED 

TO PHONES 
OR LOUDSPEAKER 

Fig. 3- Apparatus used to measure frequency deviation 
by the carrier zero method. 

The band -pass filter does not have very rigid requirements. A 
selectivity about equal to that obtainable with a single audio tuned 
circuit has been found to be sufficient and the author has successfully 
observed the zeros with the aid of the natural resonance of a poor pair 
of headphones. If a high modulation frequency is used, the receiver 
itself can be depended upon to remove the side bands sufficiently. It 
is usually the lower modulation frequencies which require the highest 
selectivity. 

It may be found that the carrier shifts out of the filter as the 
modulation is applied. When this occurs the modulation must be raised 
slowly and the receiver carefully tuned to follow the shift. Apparently 
a small amount of shift may occur with a modulator which gives low 
distortion otherwise. 
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It is apparent that one of the side bands may be tuned in and the 
zero points of it observed. The zero points of the side bands will, of 
course, be different than those of the carrier and will have to be 
obtained from the Bessel Function Tables. However, use of the side 
bands permits the possibility of getting the wrong side band. Also, 
there is the possibility of asymmetrical modulation, due to concomitant 
amplitude modulation, affecting the reading. Likewise, the carrier 
maxima or side -band maxima may be used, but of course the setting 
for the minima can be performed with a higher degree of accuracy. 
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THE LIMITS OF INHERENT FREQUENCY 
STABILITY 

1y- 

WALTER VAN B. ROBERTS 
Patent Department, Radio Corporation of America 

GREAT improvements in oscillator stability have been made in 
recent years by careful attention to the mechanical design 
and layout of component parts and also by the development of 

a number of compensation arrangements. An example of the latter 
is the compensation for a change in plate voltage by a suitable 
change in screen voltage. By the proper use of such refinements and 
by other precautions, frequency variations due to variations of input 
and output impedances of the tube may be much reduced. However, 
it seems obvious that if the circuit could be made more stable in the 
first place, the addition of these schemes would bring about still better 
final results. 

The many causes of frequency variations may be divided into three 
groups : First, changes in the constants of the frequency determining 
circuit itself; second, changes introduced by the loading on the circuit; 
and third, changes in the effective input and output impedances of 
the oscillator tube which are reflected into the circuit by the necessary 
coupling of the tube to the circuit. In what follows, only the third 
group will be considered, and the term "inherent stability" is used to 
refer to the extent to which the frequency is independent of small 
changes in the effective tube impedances. The object of this investiga- 
tion is therefore to determine just how far one can go in reducing the 
effect of given capacitance changes in a tube on the frequency of any 
ordinary oscillator circuit. 

Figure 1 shows a representative simple feed -back oscillator in 
which the small capacitances C0 and Cl. represent the maximum varia- 
tions that may be expected in the input and output circuits of the 
tube. It is of course possible that these variations may sometimes 
take place in opposite senses so as to tend to compensate for each 
other. However, in order to deal with the worst case possible they 
will be assumed to take place in the same sense and at the same time. 
In this case the resulting frequency shift, measured in cycles per 
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second, may readily be shown to be given approximately by the 
expression 

f (wMg) 2C9 f (WMr) 2Cr 
+ 

2L 2L 
(1) 

in which f is the oscillator frequency in cycles per second, w is 27rí, 
the inductance L and the mutual inductances M,, and M1 are measured 
in henrys and the capacitances are in farads. 

If now the mutuals are reduced to the point where the system just 
barely oscillates and if, furthermore, their ratio is adjusted to give 
the least possible frequency shift when Cg and CIS disappear or reap- 
pear, then the expression 

( VCgCp 

g 
(2) 

gives the smallest frequency shift that can be obtained in the presence 
of the capacitance variations Cg and Cr. In this expression r is in ohms 
and g is the transconductance of the tube in mhos. The derivation of 
the expression will be given in the appendix. 

144 1 1 1 1 1 1 III 1 4 1 1 1 1 1 1 

Fig. 1 

From expression 2 it can be seen that the stability is limited by 

three independent factors. First of all, the minimum possible fre- 
quency shift in cycles is seen to be proportional to the frequency of 

operation, which is natural enough and is merely a way of saying 
that the percentage frequency shift is independent of frequency. 

Secondly, this shift is proportional to the ratio r/L which means that 
a good coil is desirable, a conclusion that again is less than startling. 
Finally, the shift is proportional to the ratio of the geometric mean 

of the tube capacitance variations to the transconductance. This result 
is a little less obvious and might lead to the choice of a tube not 

ordinarily considered particularly well suited to oscillator use. For 

example, a certain tube may have a rather large variation of input 
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capacitance, say 1.0 mmf. Nevertheless, if its output capacitance is con- 
stant to within 0.01 mmf the geometric mean variation is only 0.1 
mmf and the tube is preferable, other things being equal, to one 
which has only say 0.2 mmf variation at most, but has this much 
variation of both its input and output capacitances. 

In the foregoing it was assumed that the circuit was just barely 
oscillating, and the looser the couplings can be made the greater the 
stability up to the limit given by expression 2. In practice, of course, 
the couplings would be made somewhat closer to allow a factor of 
safety in starting the oscillation, and also, to obtain a sufficiently 
strong oscillation to be of some use. However, for any given factor 
of safety, expression 2 will be proportional to the actual frequency 
variation so that conclusions drawn from it will still be valid. 

HARMONIC OPERATION 

When an oscillator is used to obtain excitation in several frequency 
bands, it is common practice to run it at the frequency of the lowest 
band, or even a submultiple thereof, and to obtain excitation for the 
other bands by frequency multiplication. Let us see what conclusions 
can be drawn from expression 2 regarding this mode of operation. 
To be specific, suppose the fundamental frequency is in the range 
from about 830 to 1020 kilocycles, say 900 kc. (This range is very 
easily calibrated by beating with broadcast stations and also by beating 
the sixth harmonic of 833.333 kc and the fifth harmonic of 1000 kc 

with the 5- megacycle transmissions of WWV). The number of cycles 

shift is given by expression 2, and the number of cycle shift of the 
28.8 megacycle harmonic is thirty -two times as great since the latter 
frequency is the thirty- second harmonic of the oscillator. Thus, the 
formula for the shift in the ten -meter band would be 28,800,000 

r V C,,C7 

L g 
be used if the oscillator were running at 28.8 megacycles as its funda- / CgCP 
mental except that the ratio r/L and the ratio were evaluated 

g 

at 900 kilocycles in the one case and at 28.8 megacycles in the other. 
Hence, it is seen that expression 2 may be generalized to take care of 
harmonic operation as follows: 

But this is the same formula that would 

r V CgCr 
f radiated fundamental (3) 

L g 

where the subscripts indicate that the frequency is taken as the radi- 
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ated frequency while the rest of the expression is evaluated at the 
fundamental oscillation frequency. 

The interesting thing about expression 3 is that it indicates that 
for any given radiated frequency the actual number of cycles shift 
caused by tube variations can be reduced in theory by using a 
low enough fundamental oscillation frequency. This is partly because 
the ratio of tube capacitance changes to transconductance is some- 
what lower at the lower frequencies, but mostly because a low - 
frequency coil can be made to have a very much lower r/L ratio 
than a high- frequency coil of the same physical size, as is evident 
from the fact that the selectivity in cycles of a tuned circuit is pro- 
portional to r /L, and the fact that low- frequency circuits are much 
more selective than high- frequency circuits in terms of actual cycles. 
In practice of course, it would be too complicated to multiply all the 
way up from audio frequency for example, but a great improvement 
may be obtained by multiplying from reasonably low frequencies such 
as the range from 850 to 1000 kilocycles. To illustrate, let us substi- 
tute some reasonable values in expression 3. If the fundamental fre- 
quency is between 850 and 1000 kc, and a "Q" of 200 is assumed, the 
ratio r/L is about 30,000. Taking g as 3000 X 10_6 and the mean 
capacitance variation as 1 /10 micromicrofarad, the number of cycles 

shift given by expression 3 is, approximately, numerically equal to 
the output frequency measured in megacycles. Thus, at 14 Mc the 
frequency variation would be 14 cycles. This is 14 times better than 
if the oscillator had been run at a 14 Mc fundamental, using a coil 

of the same "Q ", and assuming the same capacitance variation and 

transconductance. 
Since the amount of tuning capacitance has not appeared in the 

expressions for minimum shift, it may be concluded that the stiffness 
of the circuit is of no importance unless it affects the ratio r /L. Data 

already published indicate that this ratio will be very little different 
in coils of the same size and shape, but wound for different induc- 

tances, using the optimum wire size in each case. Thus, there would 

seem to be a good deal of latitude in the amount of capacitance that may 

be used. If the variable condenser is very large, however, it is likely 

to have large and relatively flexible plates and small clearances, all of 

which may introduce vibration troubles and changes of the calibration 

curve with aging. Hence, it does not appear desirable to approach 

maximum stability by using a "high C" circuit with the tube electrodes 

connected across the whole circuit, as the amount of capacitance re- 

quired for maximum stability in this type of circuit may be many 

thousands of micromicrofarads. 
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PRACTICAL CIRCUITS 

The circuit of Figure 1 was chosen for simplicity of analysis. In 
practice it is likely to give parasitic oscillations. The same is true 
of many circuits where grid, cathode, and plate are tapped to the coil 
at points close together in order to loosen the couplings, as was 
assumed at the start of the derivation of expression 2 from expression 
1. Parasitics may, of course, be suppressed by inserting resistances 
at suitable points, but this is likely to increase the effective resistance 
at the desired frequency and hence increase the r/L ratio. It is prefer- 
able to use a circuit which does not develop parasitics. Such a circuit 
is included in Figure 2 which shows the essentials of an exciter that 
has been in use for some time. The 100 mmf condenser is adjusted 
until the desired frequency band, 850 to 1000 kc, is just a little more 
than covered by variation of the 50 mmf condenser after which the 

Circuit í.0.I. 
fr.. 850 te 1000 

100 

6700 

rl.ea l.n.a 0.8 Arad Mar 
tiller p...in. 1700 676 
to l.11ayel 

00.000 Do.b1.r 
6tC66 

+270 
Volt. 

allay J.tM 

16001. 
OYip.t +30 

To t.rtMr 
bled stays 

Ti .0.. 
!4tp.t 

Fig. 2 -L is a coil of #24 wire wound 32 turns per inch on a bakelite tube 
two and a quarter inches in diameter, the length of winding being two and 
three -quarters inches. T is the feed -back or tickler coil and consists of about 
six turns wound over the grounded end of L. An aluminum box contains 
the entire tuned circuit, grid choke and leak, coil T, and the band -pass filter. 

former is left severely alone so as to keep the calibration of the oscil- 
lator unchanged. These two condensers are physically a single unit 
made for band -spread use, and only the 50 -mmf section has a shaft 
on it. The other data shown in connection with Figure 2 are what are 
actually in use, but have not been worked out by cut and try to their 
best values. The whole arrangement is merely illustrative and doubt- 
less could be considerably polished up. In particular the band -pass 
filter designed to pass with fair uniformity all frequencies between 
1700 and 2000 kc could be much improved by experimenting with 
different damping resistors and varying the coupling between coils. 
This filter is fixed -tuned so as to avoid any tuning reaction on the 
oscillator. Incidentally the grid leaks on the doublers really are con- 
nected as shown since the amplification constant of these tubes is so 
high that with the leaks connected from grid to ground the plate 
currents fall to nothing when the oscillator key is up. By connecting 
as shown, the plate currents stay up and keep the load on the power 
supply nearly constant during keying, and also, no r -f chokes are 
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needed in series with the leaks. As is evident from the diagram. 
excitation for any band can be obtained by connecting a transmission 
line to any of the tank links, the only other change when changing 
bands being that it is well to pull out the tube following the link 
selected so as to get all the power available from the tank. 

While Figure 2 represents the arrangement in use at present, a 
slightly different scheme for getting the power out of the oscillator, 
as shown in Figure 3, is believed to be better and avoids the band 
filter. In Figure 3 the oscillator tube has enough cathode bias to bring 
the operating point on the steepest part of the grid voltage -plate cur- 
rent characteristic curve in the absence of oscillations. The oscillator 
tube should be one requiring a large bias for cut -off while the follow- 

ing tube should be one requiring less bias for cut -off so that with no 

850 -1003 k.c. Oscillator Doubler 
Circuit tube tuba 

1 

Doubler 
G CSG 

Fig. 3 

1bJ M, 
output 

To further 
doubler stages 

oscillations the plate current of the second tube would be just cut off 

by the normal bias of the oscillator. Then with even very feeble 

oscillations the following tube would act as an efficient doubler while 

with stronger oscillations, that would develop more bias on both tubes 

by way of the grid leak, the harmonic output of the following tube 

would be still further increased. The following tube should of course 

be well screened to prevent reaction of its plate circuit upon the 

oscillator. 

CONCLUSIONS 

To recapitulate, in order to obtain the greatest inherent stability: 

1. Make the fundamental frequency as low as possible. 

2. Make the "Q" of the coil as large as possible at the fundamental 

frequency. This means that the coil should he as large physically as 

there is room for within the shield can, subject to clearance of at 

least half a diameter, as well as that the coil design should be good 

in other respects. 
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3. Use the loosest couplings between the tuned circuit and the 
tube that will give the required output, and use a low enough bias 
resistor so that the effective transconductance in the oscillating con- 
dition is not seriously reduced. 

4. Choose for the oscillator tube one which has a high ratio of 
transconductance to capacitance fluctuations when operating at the 
required level. 

5. Keeping the oscillation strength constant, vary the ratio 
between the grid and plate couplings. The best ratio depends on the 
ratio between the capacitance variations of the grid and plate. 

After having obtained a good inherent stability, any or all the 
tricks known to the trade may be added. Some of these are: Tem- 
perature compensation in the tuned circuit, or at least arranging this 
circuit where it will not be heated by the tube or other parts of 
the transmitter, supporting the tuned circuit on a single rigid member 
to avoid bending and vibration of its parts, reducing the power taken 
from the oscillator as much as possible and preferably taking output 
at a harmonic frequency, supplying screen voltage from a voltage 
divider whose two portions have resistances chosen to form the com- 
bination that best compensates for variations in supply voltage, and 
stabilizing the supply voltage. 

By starting with an oscillator of high inherent stability and then 
adding the refinements to it, sufficient stability may be obtained for 
many purposes, even including oscillator keying for output at the 
highest frequencies used for long- distance communication. 

APPENDIX 

C,. M,. 
Let x = - -- and y = . Then expression 1 may be written in 

C M,, 

f 
the form - V C C,. (1 /xy + xy) . For any given value of x 

2 L 

the minimum value of (1 /xy + xy) that may be obtained by varying 
M,. C,, 

y is 2, and this minimum occurs when y = 1 /x, that is, =-. 
M Cp 

Furthermore, in order for oscillations to occur, a given grid voltage 
must cause at least an equal voltage to be fed back, whence the con- 
dition for oscillation is approximately (0211,41111, 5: r /g. Substituting 
this value of 0,2M,M,, and the minimum value of (1 /xy + xy) already 
obtained into the expression above, expression 2 results. 
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DESIGN OF SUPERHETERODYNE INTERMEDIATE - 
FREQUENCY CIRCUITS 

BY 

F. E. SPAULDING, JR. 
Engineering Department, Radiomarine Corporation of America 

WIDELY differing selectivity requirements of the many pres- 
ent -day receiver applications necessitate careful study of the 
intermediate -frequency circuits. 

The methods by which these requirements may be satisfied must be 
analyzed with a view to their effect on other important receiver char- 
acteristics. 

The following discussion of intermediate frequency circuit design 
is based to a considerable extent on the requirements established by 

marine telegraph and telephone service. 
Consideration of the conditions under which a receiver is to be 

used will usually indicate the approximate amount of selectivity to be 

desired. The ten -kilocycle separation of assigned frequencies in the 
American broadcast band, for example, immediately points to the desir- 
ability of attenuating the adjacent carrier frequencies. Marine radio- 
telephone receivers to operate with coastal and harbor stations in the 
2500 -2600 kc range must be free from adjacent carrier interference 
in spite of 8 -kc carrier separation. Marine direction -finding receivers 
require excellent selectivity in the 285 -315 kc beacon band, as the trans- 
mitting frequencies are only 2 kc apart. Receivers having less critical 
fidelity requirements, as for example, commercial receivers for tele- 

graph reception, can make use of the extremely sharp characteristic 
afforded by crystal i -f filters and thereby extend their useful range 
to weak signals which would otherwise be obscured by noise and inter- 
ference. 

Broadcast receivers incorporating push- button tuning should have 

broad -nosed curves, even if some sacrifice need be made in adjacent 
carrier attenuation in order that reasonable amounts of oscillator - 

frequency drift may occur without seriously impairing fidelity. 

When good fidelity is of prime importance, use may be made of 

triple -tuned i -f transformers to obtain broad -nosed and yet steep -sided 

characteristics which will pass more of the high audio tones and yet 

provide good attenuation to adjacent carriers, or possibly some system 

of variable coupling may be employed. It is also possible to design 

the audio system to compensate for highs lost in the i -f system. 

485 

www.americanradiohistory.com

www.americanradiohistory.com


486 RCA REVIEW 

After obtaining a rough idea of the overall selectivity to be desired, 
thought should be given to its distribution between r -f and i -f stages. 
As the discrimination of tuned circuits for a specified number of kilo- 
cycles off resonance decreases with increasing frequency, it is apparent 
that the usual lower- frequency i -f system will contribute the greater 
portion of the overall selectivity. At r -f circuit frequencies of about 
two megacycles and above, the i -f selectivity practically constitutes the 
overall selectivity. 

FACTORS GOVERNING CHOICE OF INTERMEDIATE FREQUENCY 

The intermediate frequency to be used should be chosen only after 
having given careful consideration to the following characteristics: 

1. The degree of overall selectivity desired. 
2. Image rejection. 
3. I -f rejection. 
4. Tuning range. 
5. Harmonic interference. 
6. Number of tuned circuits required. 
7. Overall sensitivity. 

Maximum possible sharpness results when crystal filters are incor- 
porated in the i -f system. These require careful adjustment by oper- 
ating personnel for satisfactory results. Band widths in the order of 
a few hundred cycles may be obtained even when the i -f system fre- 
quency is fairly high, as 600 -800 kc. Such devices are usually restricted 
to telegraph service because of the narrow pass band. If sharpness 
approaching this amount is to be obtained without crystal filters, a 
very low intermediate frequency becomes imperative to avoid a pro- 
hibitive number of tuned circuits. Frequencies in the order of 50 to 
200 kc are used in such instances. The recent development of com- 
posite band pass filters for i -f systems has shown it possible to very 
nearly reach the ideal characteristic of a flat -topped curve with nearly 
vertical sides. 

The intermediate frequency chosen has a direct bearing on the 
image- rejection ratio. Interference from the image frequency, being 
the outstanding undesired response in superheterodynes, must be 
suppressed so as to become negligible. Other spurious responses are 
usually of much smaller magnitude and do not usually give trouble. 
Suitable image rejection may be obtained in several ways. One is to 
provide good r -f selectivity, using loosely coupled transformers with 
sacrifice in r -f stage gain, followed by relatively low frequency i -f 
transformers. This means that while the image frequency is relatively 
close to the fundamental, the r -f circuit selectivity is made sufficiently 
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great to suppress images. A better way is to use a high intermediate 
frequency, thus removing the image farther from the fundamental so 
that even poor r -f selectivity will give adequate rejection. Some suit- 
able compromise between these two extremes can usually be found. 
The latter method permits choice of r -f gain through coupling adjust- 
ment without too seriously impairing image ratio. This is desirable 
from the standpoint of signal -to -noise ratio, as high r -f gain assists 
in maintaining an optimum ratio. If a gain of five times or more is 
maintained in the r -f circuit, the total receiver internal noise is com- 
prised mainly of the first grid- circuit noise which is materially less 
than the noise generated in the mixer tube. 

At radio frequencies above 5 Mc, the r -f selectivity is usually so 
small as to necessitate intermediate frequencies in the order of 1500- 
2000 kc for adequate image suppression in commercial receivers. 

Special r -f circuits have been devised to provide very great atten- 
uation to image frequencies. These may be satisfactorily applied in 
certain instances. 

It has occasionally been found necessary to use two intermediate 
frequencies in the same receiver, a high intermediate frequency (1500- 
5000 kc) in the first i.f. to provide good image rejection, followed by 
a fixed frequency oscillator converting this to a low frequency (50 -200 
kc) second i -f section to provide a sharp selectivity characteristic. 

When an incoming carrier happens to be at the intermediate fre- 
quency, it will cause interference if it is able to reach the mixer grid 
without being sufficiently attenuated. By attention to r -f circuit 
design, shielding, and use of i -f trap circuits, it is possible to keep 
this interference at a low level. It is obvious, however, that a judicious 
choice of the intermediate frequency will avoid use of any wavelengths 
in frequent use by powerful shore or ship transmitters. Marine tele- 
graph frequencies in frequent use are 285 -315 kc, 375 kc, 425 kc, 500 
kc, and some others. 

It is not usually feasible to attempt to include the intermediate 
frequency within the tuning range of a receiver due to the production 
of spurious responses in this region. 

Interference may result from harmonics of both the first and second 
detector beating with incoming signals to produce undesired responses. 
In order to minimize the former, it is advisable to restrict the r -f stage 
gain to that amount, giving adequate reduction of internal noise, as 
previously mentioned. Attention to oscillator- circuit design is also 
important. 

Interference due to harmonics of the i -f heterodyning with the 
desired signals may be minimized by careful shielding of the second 
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detector from the input circuits and attention to diode load filtering, 
but may sometimes be avoided by choice of intermediate frequency. 
If, for example, a 450 -kc i.f. is used, a whistle may be heard in some 
instances while tuning through the vicinity of 900 kc, the second har- 
monic, and occasionally 1350 kc, the third harmonic. The choice of 
175 kc, standard practice several years ago, minimized this type of 
interference in broadcast receivers, as the second and third harmonics 
fall below the broadcast band while those of higher order are cor- 
respondingly weaker. 

Receivers for service above 20 Mc should have higher intermediate 
frequencies than those for broadcast use, not only for improved image 
suppression, but also for ease of tuning and alignment. Attempting to 
tune in signals of this order with a 455 -kc intermediate frequency 
becomes extremely difficult, even with high -ratio vernier dials and 
very stable oscillators. Under such conditions, the percentage differ- 
ence between signal and oscillator frequencies becomes very small and 
even normally stable oscillators show a tendency to "lock in" and to 
be otherwise influenced by the signal circuit during the tuning process. 
Even small amounts of coupling between oscillator and signal circuits, 
whether through space -charge coupling within the tube or from other 
causes, will sometimes produce appreciable amounts of current at 
oscillator frequency to flow in the latter and introduce harmful affects. 
Use of 1600 kc or higher will prevent any of these difficulties. 

From the standpoint of gain and sensitivity, it is not generally 
necessary to use more than a single i -f stage for frequencies below 
500 kc. The maximum stable tube gain, with the tubes commercially 
available, may be in the order of 400 for tubes with low grid -plate 
capacitance. 

To improve selectivity, however, it becomes necessary to increase 
the number of tuned circuits. This, in turn, makes additional tubes 
necessary to maintain the desired overall sensitivity. When intermedi- 
ate frequencies above 500 kc are used, the additional stages become 
necessary as both the selectivity and the maximum stable gain per 
stage decrease with increasing frequency. When several stages are 
used in cascade, the overall voltage gain is equal to the product of the 
gains of individual stages, and similarly the overall selectivity may be 
approximated by multiplying the attenuations of the various stages at 
corresponding frequencies off resonance. This is assuming, of course, 
that regeneration is kept at a minimum by sufficient by- passing and 
shielding. 

DIODE TRANSFORMER CONSIDERATIONS 

It must be remembered that the transformer feeding the diode is 
not capable of providing much more than fifty per cent of the selec- 
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tivity it could if it were not loaded by the diode circuit. In some 
instances, with low diode load impedances, this may not even exceed 
thirty per cent. This is particularly true when a -v -c power must be 
supplied from this transformer. It has been found best to design this 
stage to meet a -v -c requirements, and thus avoid overload difficulties, 
rather than to strive for maximum selectivity. This means fairly close 
coupling in the diode transformer and operation of the last i -f tube 
with little or no a.v.c. Since 30 to 40 volts of automatic volume con- 
trol is required to cut off tubes with remote characteristics, there 
will be ample for audio requirements. It may even be necessary to tap 
down on the diode load to feed the following audio stage. 

The amount of direct current developed across the diode load will 
vary from sixty to eighty -five per cent of the peak carrier voltage 
impressed upon the diode, depending on the circuit constants. 

The peak audio voltage of a fifty -per -cent modulated carrier will 
be fifty per cent of the d -c voltage obtained. One other point in con- 
nection with a discussion of the diode circuit is that good modulation 
capability, the ability to detect signals faithfully which are deeply 
modulated, demands that the ratio of a -c to d -c diode load impedance 
be as near unity as possible. This generally necessitates as high a 
value of a -v -c filter resistor as the time constant permits, and prevents 
the use of diode load resistance values of much over 500,000 ohms. 
For the purpose of measurements on a diode transformer, the loading 
may be closely approximated by placing a resistance equal to one -half 
of the normal diode load resistor across the secondary. 

Full selectivity of the last transformer may be obtained in the 
case of infinite impedance detectors and other biased types which do 
not place power requirements upon the input circuits. Such detectors 
do not generally provide ready means of obtaining automatic volume 
control, however, and some have other disadvantages such as low 
efficiency, poor modulation capability, together with overloading and 
distortion which limit their usefulness. 

GENERAL COUPLED TUNED -CIRCUIT THEORY 

A study of the theory of coupled tuned circuits provides expressions 
which permit computation of their performance in conventional cir- 
cuits. The fundamental expression for the voltage gain of an r -f 
pentode working into a finite load is : 

Voltage Gain = g,,,Z1. 
where g,,, = Grid -plate transconductance (in mhos) of the tube. 

and Z1 = Load impedance in ohms. 
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When the plate load is a single tuned circuit, at resonance, the 
load impedance becomes the resonant impedance ,LQ of the circuit 

Voltage Gain = g ,(,LQ 

where w = 2irf, 

f = Megacycles 

L = Microhenries 

g,,, = Mhos 

If the pentode is feeding into a single tuned transformer with 
secondary tuning, the overall gain at resonance becomes approximately 
as follows: 

Voltage Gain = g,,,W111Q8 

where g,,, = Grid -plate transconductance (in mhos) of 
the tube. 

For the case of a double tuned transformer at resonance, the fol- 
lowing expression is a close approximation. 

V/ LBL,, 
Voltage Gain = g ,k 

1 

k'- + 
QPQ8 

where g,,, = Grid -plate transconductance (in mhos) of 
tube. 

L8 and Lp are secondary and primary inductance in micro - 
henries. 

Q8 and Qp are secondary and primary Figures of Merit, 
equal to wL /R 

k= Coefficient of coupling 

M 
k reaches a maximum of one at critical coupling and is equal to 
for less than critical coupling. LpLB 

An approximate formula for computing selectivity has been shown 
to be as follows: 

fr Er 2 -- - -1 
Q E 

The band width f f is that corresponding to the ratio of resonant 
to off -resonant output voltage, and f, is the resonant frequency. 
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When shunted by the plate resistance for a pentode, it is modified 
slightly as follows : 

1 t,L 
of= fr(- + - 

Q rp 

E,. z - -1 
E 

For two loosely coupled tuned circuits, it becomes 

fr E,. 
of - --1 

QiQa E 

The preceding expressions point out two things. First, that the 
stage gain is a function of tuned -circuit impedance Q01, and that for 
a given Q the highest L/C ratio is desired for maximum gain, and sec- 
ondly, that selectivity at a given frequency is a function of Q alone. 

Attempts to increase Q and L/C ultimately reach practical limits. 
Use of Litz wire and iron cores permit improvement in Q for frequen- 
cies in the order of 200 to 500 kc, over solid wire and air -core coils. 
Large- diameter forms, space -wound coils, attention to wire size and 
choice of optimum length to diameter ratios help improve Q in the 
higher frequency ranges. 

The inductance cannot be increased beyond the point at which it 
resonates to the desired frequency with the minimum circuit capaci- 
tance including the tube, coil distributed capacity, trimmer, and lead 
capacities, etc. In most instances, it cannot be increased to this value 
because of instability brought about by variations in the preceding 
items. 

EFFECT OF VACUUM -TUBE ADMITTANCE VARIATIONS 

Of these several items, the most serious and usually the limiting 
factor is the variation in the input capacitance offered by the tube, 
since this quantity may vary appreciably with changes in the electrode 
potentials. 

Much investigation in recent years has disclosed the fact that rela- 
tively large changes in tube input admittances may occur under certain 
conditions. These may be both capacity and resistance variations, and 
may result in harmful effects upon the associated circuits. 

The tube input capacitance is the sum of three components. The first 
is the cold input capacitance. This is the direct capacitance from the 
signal grid to all other grounded electrodes, such as cathode, screen, 
suppressor, etc., and is the capacitance which appears when the tube is 
not operating. The second component appears when the tube is in nor- 
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mal operation and results from the presence of a space charge between 
the grid and cathode. A capacitive component of grid current is induced 
by the presence of a stream of moving electrons. (In converter tubes, 
this electron stream may be modulated by the oscillator elements and 
hence produce grid current at oscillator frequency in the signal grid 
circuit.) The third component of the input capacitance is the grid -to- 
plate capacitance. The current flowing through this latter capacitance 
is affected by the magnitude of Cy_p and and also by the grid -plate 
transconductance (g,,,) and by both magnitude and phase of the plate 
load. For the case of a resistive plate load, as for example, a tuned 
circuit at resonance, the input admittance is a pure capacitance. If a 
reactive plate load is present, such as a tuned circuit above or below 
resonance, a resistive component is introduced which will be negative 
for inductive loads and positive for capacitive loads. This checks with 
general oscillator theory, which shows that an inductive plate load 
furnishes the negative resistance in the grid circuit necessary to sus- 
tain oscillations. (This means a parallel resonant circuit operated above 
its resonant frequency). 

The total input capacitance is independent of frequency. It may, 
however, be of such magnitude as to allow a prohibitive amount of 
current at high frequencies. 

The resistive component of the input admittance varies inversely 
with frequency, and hence becomes a severe load at high frequencies. 
It is one of the major factors determining the maximum usable fre- 
quency of tubes. This component appears as an appreciable conduc- 
tance in parallel with the existing grid- circuit impedance. 

Recent investigation at the higher frequencies indicates that input 
loading in these ranges is influenced appreciably by electron transit - 
time and cathode -lead inductance effects. 

Terman writes the following expressions for input capacitance and 
resistance: 

Input Capacitance = C9 = C9.ß +C9.9(1 + A Cos 0) 

where Cg_f = Grid -to- cathode capacitance. 

Cg_g = Grid -to -plate capacitance. 

E Load 
A - = Tube gain. 

E Input 
and O = Angle of load impedance 

For purely inductive load, O = + 90° 

For purely resistive load, 0= 0 

For purely capacitive load, O = - 90° 
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1 

wCg -p 

Input resistance = Rg = 

where w = 27rf 

A Sin O 

493 

A study of these two expressions shows that when the plate load 

consists of a tuned circuit and the frequency of the applied voltage is 

varied through resonance, there is an increase of input capacitance at 
resonance. At frequencies above resonance, a negative resistance is 

reflected into the grid circuit, while below resonance a positive resis- 
tance is indicated. 

It is possible then to produce two undesirable effects. First, the 
grid circuit tunes to a different frequency at resonance than off reso- 

nance. Second, the symmetry of the resonance curve is destroyed, as, 

with negative resistance above resonance the effective grid circuit Q 

is increased, while below resonance the positive resistance lowers the 
circuit Q and broadens the curve. 

The above effects may become appreciable under certain conditions, 

as may be seen from an actual case which developed in practice using 
commercially available tubes and components. 

A 6K7 was used with 455 -kc air -core i -f transformers whose 

inductance was 1.8 microhenries and Q = 110. It was found that a 

change of minus 8.5 volts in the grid bias resulted in a shift of nearly 

5 kc in the resonant frequency of the grid circuit. At the same time, 

it was observed that when the trimmer capacitance of the plate trans- 
former was increased, in other words the load was made inductive, 

oscillation started. When this circuit was returned to resonance at the 

original frequency, the oscillation ceased. Reducing the magnitude of 

the plate load impedance by lowering L to 1 microhenry and increasing 

C correspondingly corrected both of the undesirable characteristics. 

Materially reducing the transconductance of the tube accomplished the 

same result. 
Freeman's investigation of the capacitance changes indicates a sim- 

ilar degree of magnitude. He also shows how choice of a proper value 

of unbypassed- cathode resistor provides compensation for these capaci- 

tance variations. 
Insertion of approximately 20 ohms of cathode resistance, un- 

bypassed, and returning the grid trimmer to cathode instead of ground 

were found, in the example previously cited, to result in negligible shift 

of grid- circuit resonance. 
A similar means is used to compensate for grid- circuit loading at 

higher frequencies. 
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Another device which accomplishes this result is that of tapping 
down the grid on its resonant circuit. This practice has several advan- 
tages, and is finding increased use where more than one i -f stage is 
needed. Any capacitance or resistance reflected from the plate circuit is 
no longer impressed directly across the entire grid -tuned circuit and, 
by suitable choice of the tap, may be made substantially negligible. In 
addition to this, it becomes possible to lower the overall i -f system 
gain and still maintain any degree of coupling in the transformers. 
This is helpful since it frequently happens that a system with several 
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stages, necessary to provide sufficient selectivity, will furnish more 
than the desired amount of gain. Other considerations, such as auto- 
matic volume control and overloading, make it desirable to operate 
the tubes near their maximum transconductance, in other words near 
rated plate current. 

In tapping down on a tuned circuit as mentioned, the shape of its 
resonance curve is not altered, and remains a function of its Q. 

Another possible cause of asymmetry in i -f curve shape may be due 
to an excessive amount of capacitance coupling between plate and grid 
windings of the same transformer. 

It has been general practice to arrange the position of coils and 
'ondensers so as to make use of the inductive coupling only while hold- 

t 
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ing the capacitive component to a minimum. While it is true that a 
small amount may be tolerated, a greater amount may become trouble- 
some. An instance was found wherein a distorted curve was obtained, 
as shown in the accompanying diagram. Additional shielding and 
filtering or bypassing did not help, and reduction of tube gain was of 
no avail. The asymmetry was still present even though only one tube 
and its output transformer were used, and it was further found that 
use of a tapped transformer did not improve the shape. It was observed 
that the side of the curve which was broadened was for frequencies 
above resonance. This indicated that input admittance variations could 
not be the cause, since their effect is to sharpen the curve above reso- 
nance frequency. 

The clue which pointed to capacitive coupling was provided when 
it was discovered that moving the grid and plate leads closer together 
aggravated the condition. It was then observed that the spacing be- 
tween the two condensers was small enough to result in a direct 
capacitance of 5 micro -microfarads between them. Changing the posi- 
tion of one condenser and attention to grid and plate lead separation 
was found to restore the correct symmetry to the selectivity character- 
istic. Curves are shown which illustrate both this effect and the effect 
of input- admittance variation. 

The foregoing discussion has been an attempt to bring together 
many of the factors requiring some degree of consideration by the 
designer so as to present a broad view of the general subject. 

No attempt has been made to treat the economic aspects of the 
problem as they are many and varied and are beyond the scope of this 
article. 
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DEVELOPMENT AND PRODUCTION OF THE 
NEW MINIATURE BATTERY TUBES 

BY 

NEWELL R. SMITH AND ALLEN H. SCHOOLEY 
Research and Engineering Department, RCA Manufacturing Company, Inc., Harrison, N. J. 

Summary -A new line of miniature battery tubes, including a converter, 
a radio frequency amplifier, a diode -pentode and a power output pentode 
has been made available. These new tubes are designed to operate efficiently 
on a 45 -volt "B" supply with the filament operating directly from a single 
dry cell. The tubes are about two inches long and less than three quarters 
of an inch in diameter. 

A feature of this new line of tubes is a decrease in size without an in- 
crease in cost. This is accomplished by using a simplified envelope design 
which in the majority of cases permits standard size electrodes to be as- 
sembled using conventional manufacturing procedure. A new button stem in 
which the external leads serve as base connections contributes materially 
to the reduction in tube dimensions. 

The small size and efficient operating characteristics of the new minia- 
ture tubes make them especially applicable to compact communication equip- 
ment as well as portable broadcast receivers. Also they may find application 
in special fields such as hearing aids, meteorological service, or other places 
where size and weight are a consideration. 

TilE trend in radio receiver design, during the past two years has 
been toward small, low- priced models. This, together with the 
increasing popularity of portable, self- contained, battery receiv- 

ers, has created a demand for smaller and less expensive radio tubes. 
The new miniature tubes, with their simplified construction and great 
reduction in size, provide a logical answer to this demand. 

Although several types of small tubes are now available, these, in 
general, use very small parts with close electrode spacing requiring 
slow, careful, assembly by highly skilled operators and special fabricat- 
ing processes. Such tubes have application wherever the requirement 
for special characteristics warrant their increased cost. However, the 
inherently higher cost of producing tubes of this character is sufficient 
to prohibit their general use in popular -priced broadcast receivers. 
Consequently, the problem of obtaining a small, low -cost tube depends 
for its solution upon the selection of a satisfactory design of simplified 
construction which will not only offer the desired reduction in size, but 
also lend itself to usual manufacturing operations. 

In the design of this new line of tubes every effort has been directed 
toward producing the smallest glass tubes which can feasibly be manu- 
factured by present high -speed methods of fabrication. The variations 
required in manufacturing technique have, therefore, been carefully 
restricted to procedures which have been proven by prior experience. 

496 
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In so far as possible, all parts and materials which serve no functional 
purpose in the completed tube have been eliminated. 

The new miniature line consists of four tubes, the RCA -1R5, con- 
verter; RCA -1T4, radio- frequency pentode; RCA -1S5, diode -pentode; 
and RCA -1S4, power- output pentode; and provides a complete comple- 
ment for receiver design. All of the tubes operate efficiently from a 
small, 45 -volt "B" battery and their filaments are designed for opera- 
tion at 50 milliamperes (except the RCA -1S4 which requires 100 milli- 
amperes) supplied directly from a single dry -cell. 

The reduction in tube dimensions accomplished by the new design is 
illustrated by the photograph, Figure 1, in which a miniature tube is 

Fig. 1 -New Miniature Tube compared with smallest present 
equivalent types. 

compared with a G -type and a GT -type having similar characteristics. 
It is interesting to note that the miniature tube is about two inches 
long and less than 3/4 inch in diameter and only displaces about 20 per 
cent of the receiver space required by the GT -type equivalent. This 
large reduction in volume should recommend these new tubes for those 
applications where compactness is essential. They should be especially 
desirable in the design of portable broadcast receivers, pocket receivers 
and police equipment. They may prove useful in meteorological work, 
hearing -aid and other special applications where size, weight and cost 
must be considered. 

The manner in which the reduction in size has been effected 

together with the various special features of design and manufacturing 
technique employed in the production of the new miniature tubes are 
discussed in the ensuing paragraphs. 
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STEM DESIGN 

In Figure 2 (top) the various parts and an assembled unit of a 
conventional -type stem are shown. In this stem, the electrode leads are 
located in a single plane through the center of the preformed flare and 
the vacuum seal is made by pinch -pressing the molten glass onto the 
short sections of special seal wire. The particular stem shown in Figure 
2 (top) is representative of one of the shortest stems in general use. 
In this case the length of the glass flare from the sealing line to the 
top of the press is approximately 14 millimeters (0.55 inch) . To 

Fig. 2-(Top)-Parts and an assembled unit of a conventional stem. 
(Bottom)- Miniature button stem and component parts. 

this value must be added sufficient length to provide for trimming and 
forming the leads and making the welds of the leads to the tube elec- 
trodes. This additional length of approximately 10 millimeters (0.39 
inch) makes the total distance from the point of sealing to the lower 
edge of the mount approximately 24 millimeters (0.94 inch) . It will 
be evident that this long length is non -essential to the electrical char- 
acteristics, but results from the mechanical limitations of this type of 
stem design. The stem length has been greatly reduced in the design 
of the miniature button stem by making the sealing position to the en- 
closure coincident with the vacuum seal line as shown in Figure 2 

(bottom) . The distance from the sealing line to the lower edge of the 
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mount has by this construction been reduced by 65 per cent and results 
in shortening the overall length of the finished tube by 14 to 15 milli- 
meters (.55 to .59 inch) . 

The use of the "button- type" stem also contributes to a reduction in 
tube diameter. The conventional -type stem shown in Figure 2 (top) 
requires a flange diameter which exceeds the width of the stem press. 
In the GT -type tube of Figure 3, the flange diameter is approximately 
1 inch and a bulb diameter of 11/8 inches is, therefore, required for suc- 
cessful assembly. In comparison, the miniature type has seven leads 
located on a 3/8 inch circle in a glass button only 6/10 inch in diameter. 
This stem can be sealed into a bulb having an outside dimension of 
approximately 11/16 inch. 

Although the diameter of the tube is reduced, the lead spacing has 

Fig. 3- Cut -away view of G -Type (left), GT -Type (center), and 
Miniature Type (right). 

been improved by use of the button -type stem. For example : seven 
leads sealed into a conventional -type stem cannot have an average 
spacing much in excess of 0.110 inch between leads. In the miniature - 
tube design seven leads are spaced 45° apart on a circle 0.375 inch in 
diameter. Thus, the leads are spaced 0.147 inch apart, an increase of 
33 per cent more than can be obtained by use of the larger conventional - 
type stem. From this explanation, it is evident that in those instances 
where three or more leads are required, a much smaller diameter stem 
of the button type can be designed to have a greater lead spacing than 
would be possible with the conventional flat -press stem. The wider 
spacing reduces the possibility of electrical leakage and minimizes 
capacitance coupling between leads. 

It is evident that in addition to the reduction in size realized through 
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the use of the miniature button stem that a considerable saving in 
materials has also been achieved by departing from the conventional 
pinch -press stem. For example: only about 1/5 of the amount of glass 
used by the small conventional type stems is required for the minia- 
ture stem. The glass does not need to be preformed, but is cut directly 
from tubing of the correct diameters to the short lengths required. 
All leads used in the miniature stem are identical regardless of tube 
type. Only three types of parts are required to produce the miniature 
stems as compared to six types of parts for the conventional stem. 
This standardization of parts is a decided advantage in manufacture. 

Since the miniature stem was designed for fabrication on the same 

Fig. 4 -(Left Half)- Conventional type tube before and after sealing, 
with discarded collet. 

(Right Half)- Miniature -type tube before and after sealing, with no collet. 

equipment and under the same technique employed for the production 
of metal -tube button stems, only slight modifications of existing equip- 
ment were required. 

BULB 

The miniature bulb (shown as part of Figure 4) is molded from 
glass tubing and has no collet. This method of fabrication is economi- 
cal in that no glass is wasted and close tolerances in the bulb and the 
stem combine to make sealing a relatively simple operation. 

The miniature stem has no tubulation and it is, therefore, necessary 
to provide an exhaust tubing in the bulb. This is done by reviving the 
bulb seal -off which was used by the incandescent lamp and radio tube 
industries for many years. 
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MOUNT 

In the past, the designers of small tubes have concentrated upon 
obtaining a reduction in mount size by close electrode spacings and 
very small parts, the primary reason being to reduce inter -electrode 
capacity and lead inductance in order to improve high frequency opera- 
tion. Tubes of this design are difficult and slow to assemble in the fac- 
tory and must necessarily be expensive to produce. Examination of 

LEAD NOT UNDERCUT 

LEAD UNDERCUT 

Fig. 5- Photographs showing how undercutting leads of miniature stems 
protects the glass seal under extreme conditions of bending. 

the three tubes shown in Figure 3 will disclose that the mounts in all 

three types are identical for mount parts and electrode spacings except, 

in the case of the miniature, that the anode has been changed to a 

simple cylindrical sleeve so as to permit insertion into the bulb. In the 

miniature tube, the getter has been mounted above the top mica to 

eliminate any possibility of leakage across the stem due to getter. 

Maintenance of mount dimensions identical to those used on other types 

of receiving tubes, provides standardization of parts and materials and 

facilitates factory operations by permitting assembly on common fix- 

tures and at usual mounting speeds. 
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BASELESS CONSTRUCTION 

From a comparison of the tubes shown in Figure 3, it will be ap- 
parent that the reduction in size of the miniature tubes has been ob- 
tained almost entirely from the stem and enclosure, either by redesign 
or elimination of parts. Some of these changes may be considered as 
elimination of safeguards previously considered essential to tube con- 
struction. For instance, the tubulated bulb used in early incandescent 
lamp and radio tube practice has been incorporated in the miniature 
design. The bakelite base with is rigid pins for socket contacts sep- 
arated by intermediate flexible connectors from the vacuum seal has 
been replaced by short pins sealed directly into the glass of the stem. 
Although laboratory tests have indicated that the glass seal is suffici- 
ently strong to withstand the normal pressures which will be exerted 
on the base pins in various applications, it has been deemed advisable 
until experience can be obtained from the field to incorporate an addi- 
tional safety factor of undercut pins as illustrated in Figure 5. This 
device consists of reducing the diameter of a short lengh of the pin 
at some point below the glass so that in case the lead is accidentally 
deflected from its normal position the bending will be localized in the 
weakened part of the pin and the vacuum seal will not be affected. If 
a solid lead is bent, the fulcrum point of the bend is located at the edge 
of the glass seal as is shown in Figure 5 (top). This causes chipping 
of the glass and may result in a ruptured seal. An undercut pin which 
is similarly bent ( Figure 5 bottom ) has absorbed the distortion entirely 
in the weakened section and has not disturbed the vacuum seal. The 
advantage of this artifice is that the strength of the contact pin can 
be reduced to well within the safe limits permitted by the strength 
of the glass seal. The amount of this lead under- cutting can be varied 
or eliminated entirely without altering the contact diameter of the 
pins. 

This development provides a new line of small tubes having very 
efficient operating characteristics at low battery voltages. These tubes 
are designed especially for use in compact, lightweight, portable equip- 
ment. 

The co- operative efforts of the many engineers involved in this 
development are recognized and appreciated, although it is impractical 
to acknowledge the contributions individually. 
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ORTY -SEVEN engineers associated with RCA laboratories were 
among the 572 American industrial engineers and scientists 
recently given awards as "Modern Pioneers on American 

Frontiers of Industry" by the National Association of Manufacturers 
in connection with a nation -wide observance of the 150th Anniversary 
of the Founding of the American Patent System. Special national 
awards were given to nineteen of those receiving honors. Dr. V. K. 

Zworykin of the RCA Laboratories at Camden, N. J., was the recipient 
of one of these. 

The Association's Committee on Awards was comprised of Karl T. 

Compton, President, Massachusetts Institute of Technology; Forest R. 

Moulton, Permanent Secretary, American Association for the Advance- 
ment of Science, George B. Pegram, Dean, Graduate Faculties of 

Columbia University, and John T. Tate, Dean, College of Science, 

Literature and the Arts of the University of Minnesota. 

The names of the RCA engineers who received awards are : 

Randall Clarence Ballard 
Max Carter Batsel 
Alda Vernon Bedford 
George Lisle Beers 
Harold H. Beverage 
Rene Albert Braden 
George Harold Brown 
Irving F. Byrnes 
Wendell LaVerne Carlson 
Philip S. Carter 
Lewis Mason Clement 
Murray G. Crosby 
Glenn Leslie Dimmick 
James L. Finch 
Dudley E. Foster 
Clarence Weston Hansell 
O. B. Hanson 
Ralph Shera Holmes 
Harley A. Iams 
Ray David Kell 
Edward Washburn Kellogg 
Winfield Rudolph Koch 
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ERRATA 
The Service Range of Frequency Modulation 

BY 

MURRAY G. CROSBY 
RCA Review l'ol. 11', 1V0. d, January 1940 

Sixth line from bottom of Page 350, change the constant "2.21" 
to "3550 ". 

Delete the last sentence of the third paragraph reading: "However, 
for this type of noise, etc.," on Page 369. 

Replace Figures 7, 8, 9, and 10 with the following corrected 
diagrams. 

:DISTANCE IN MILg5 

Fig. 7 

Fig. 9 

,IH 

20 40 (,p 

DISTANCE IN MILE 

Fig. 8 
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