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FACSIMILE SCANNING BY CATHODE -RAY TUBE::-.;" 

BY 

WARREN H. BLISS AND CHARLES J. YOUNG 

Research Laboratory, RCA Laboratories. 
Princeton, N. J. 

Summary -The use of cathode -ray tubes to perform the scanning function 
in facsimile scanners and recorders was first demonstrated on a large scale 
in the system called "Ultrafax. "1 This was in 1949. Since then a number 
of electronic facsimile equipments have been developed, largely under gov- 
ernment supported contracts. The speeds, for practical reasons, have been 
much slower than "Ultrafax's" 400 pages per minute, but faster than the 
conventional facsimile devices which obtain their scanning by mechanical 
and optical means. In one exception, a cathode -ray system was developed 
to match the present wire -line standard of one page (81/2 X 11 inches) in 
approximately ten minutes. 

This paper contains a survey of these developments along with an evalu- 
ation of the merits and handicaps of cathode -ray -tube scanning as applied 
to facsimile communication. Preceding the discussion a brief description 
is given of five systems which have been developed and tested. 

INTRODUCTION 

HE application of cathode -ray -tube scanning to facsimile may 
be accomplished in several different ways. As in television, 
both horizontal and vertical scanning are needed. At the sending 

end the preferred method is flying -spot scanning, the moving spot on 
the phosphor screen being projected optically onto the subject copy 
and the reflected light caught in a pliototube, which then provides the 
facsimile signal. The rapid horizonal scanning is provided by deflection 
of the beam of the cathode -ray tube, the vertical scanning, either by 
the tube or by vertical motion of the subject copy. The cathode -ray 
tubes which are best suited for facsimile use are those known as "flying - 
spot" tubes. 

At the receiving end the transient image on the cathode -ray tube 
screen must be photographed to get "hard copy." Here again two modes 

* Decimal Classification: R.581. 
The facsimile systems referred to in this paper were developed under 

research projects for the U. S. Department of the Navy, the U. S. Army 
Signal Corps, the Atomic Energy Commission and the U. S. Air Force - 
l'roject Lincoln. 

1 Donald S. Bond and Vernon J. Duke, "Ultrafax," RCA Review, Vol. X, 
No. 1, pp. 99 -115, March, 1949. 
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of operation are possible. In one case horizontal scanning is by cathode - 
ray tube while vertical scanning is obtained by moving the film. In 
the second case, both horizontal and vertical scanning are by cathode - 
ray tube, so that a television -like raster is employed. It is not essential, 
of course, to record by cathode -ray tube at the lower speeds. Mechan- 
ical facsimile recorders have been used with electronic scanners. 

ULTRAFAX 

In the Ultrafaxe system the horizontal or line scanning was pro- 
vided by cathode -ray tube at both the sending and receiving terminals. 
The pages of subject copy were prepared in advance by photographing 
them on microfilm, which was then moved at constant speed through 
the optical system in the scanner. At the receiver the image was again 
photographed from the cathode -ray tube on a moving microfilm. Final 
copy was made by enlargement from this film. The use of microfilm at 
each terminal was necessary to handle pages at 400 per minute. At 
slower communication rates the extra photographic procedures are a 
handicap. In the devices to be described, with one exception, scanning 
was always by reflection from the actual subject copy, and the recorder 
made a print on paper ready for delivery. 

REMOTE DUPLICATOR 

The objective here was to develop a medium -speed facsimile system 
which would deliver at branch libraries copies of reference material 
on file in a central main library. Scanning of pages in bound volumes 
and high definition of recorded copy were essential requirements. The 
speed of the system was 15 linear inches of 81/2 inch wide copy per 
minute. 

Flying -spot scanning made it possible to handle subjects in flat 
form and to vary the magnification at the scanner. The arrangement 
of the scanner is shown schematically in Figure 1. Figure 2 shows the 
outside appearance with the enclosure opened for insertion of subject 
copy on the scanner carriage. 

The projection optical system is similar to that of a photographic 
enlarger. The cable drive from pulley D to the lens, and the con- 
nected lever system moving the cathode -ray tube, keep the scanning 
line in focus on the subject at any magnification ratio from 2:1 to 1:2. 
For a constant 4%a-inch scanning line on the tube face, the width of 
copy scanned could be varied from 21/32 to 81 /g inches. The mechanism 
also varied the rate of vertical feed so that the scanned field was kept 
in proportion. Thus the copy received at the recorder, where the scan- 
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ping line was always 9 inches long, was reproduced either at normal 
size or enlarged to whatever extent necessary to make fine print clearly 
readable. The over -all length of the optical system from subject to tube 
socket was 35 inches with the 5.3 -inch focal length lens. The very 
small amount of light reflected from the flying spot projected on the 
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subject was collected by four photomultipliers distributed along the 
line, their outputs being balanced to produce a uniform facsimile signal. 

The receiving unit of the system was mechanical, scanning being 
provided by a printer bar and rotating helix. The latter was driven 
by an 1800 revolutions -per- minute synchronous motor to provide the 
30 scanning lines per second. The image was formed electrolytically 
on paper treated with a sensitizing solution and subsequently fixed and 
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dried, all these functions being performed automatically and continu- 
ously in the recorder mechanism. 

STANDARD -SPEED SYSTEM 

The development and test of the two systems described above gave 
a background of experience on cathode -ray -tube facsimile scanning 
at very high (400 pages per minute) and at medium (11A pages per 
minute) speeds. Fortunately, an opportunity was next provided, under 

Fig. 2- Loading the flat -bed scanner. 

sponsorship of the U. S. Army Signal Corps, to make a similar study 
at slow speeds, at the standard rate of 90 lines per minute, 96 lines 
per inch. 

The scanner which resulted from this work is shown in Figure 3, 

the case on the right being the scanner proper. Here the optical system 
from the cathode -ray tube socket to the subject copy is 48 inches long 
but is so folded that the length of the case is only 20 inches. Ambient 
light was excluded by placing the subject face down on the glass of 
the moving carriage and covering with a black curtain, a great simpli- 
fication as compared with the enclosure in Figure 2. 

A major problem in this system was the provision for accurate 
beam deflection in the flying -spot tube at the very low rate of 1.5 

sweeps per second. Conventional deflection circuits were impractical, 
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and any departure from linearity was immediately apparent because 
the associated recorder used constant speed mechanical scanning. The 

solution of this problem is discussed in a later section. 

ELECTRONIC XEROGRAPHIC SYSTEM 

The most recent and most promising cathode -ray facsimile system 
was developed under U. S. Navy sponsorship for transmission at a 

speed of ten 81/2 X 11 inch pages per minute. In this case the recorder 

Fig. 3- Cathode -ray tube facsimile scanner with folded optical system. 

as well as the scanner was based on optical projection from a flying - 
spot tube. Direct, continuous, and economical printing of "hard copy" 
was made possible for the first time at these speeds by use of xero- 
graphic printing. *2.3 

The optics in the scanner were similar to those already described 
in that the flying spot on the tube was projected on the subject copy 
as a scanning line, and the reflected light collected in a photomultiplier 
tube. Variable magnification provided a choice of 4 -, 6 -, or 8 -inch 
scanning lines. In this case there was no requirement to handle books. 
The subject sheets were carried past the scanning point on a rotating 
drum, being held in place on its porous surface by vacuum. The design 
made it possible to load sheets conveniently at the rate of one every 
six seconds. Figure 4 shows the scanner in operation. 

* A Xerographic Printer and Processor was obtained from the Haloid 
Company of Rochester, N. Y. for this purpose. 

2 W. L. Carlson, U. S. Patent 2,297,691. 
3 Shaffert and Oughton, "Xerography: A New Principle of Photography 

and Graphic Reproduction," Jour. Opt. Soc. Amer., Vol. 38, pp. 991 -998, 
December, 1948. 
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In the recorder, the flying spot on the face of the cathode -ray tube 
was projected by a lens and mirror to produce a scanning line on the 
surface of a selenium -coated cylinder which, by its rotation, provided 
the vertical component of scanning. The intensity of the beam was 
modulated by the incoming facsimile signal. 

In the Xerographic process, the surface of this cylinder is first 
charged to a potential of several hundred volts as it moves under a 

Fig. 4- Scanner for the Electronic -Xerographic System. 

corona unit. Exposure to the light image causes a selective discharge 
due to photoconductivity, leaving a latent electrostatic image on the 
surface. A developer consisting of a mixture of fine carrier beads and 
a much finer black powder is then cascaded over the surface. The fine 
black toner particles, having acquired an appropriate electric charge 
by friction with the beads, adhere to the proper areas on the selenium 
and form an image. This powder image is then transferred to a mov- 
ing web of paper and fixed thereon by thermal fusion. The method 
gives inexpensive paper prints and has sufficient photographic sensi- 
tivity to function well at the speed of 10 feet per minute. 
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A RASTER SCANNING SYSTEM 

In all of the equipments so far described, the horizontal or line 
scanning was supplied by sweep of the spot on the cathode -ray tube 
and the vertical component by continuous motion of the copy. In one 
development, carried on under Air Force sponsorship, complete raster 
scanning was provided for both sending and receiving. Here the sub- 
ject was an image on a frame of 35- millimeter film and the output at 
the receiver was a similar frame on film. 

In this case, with a 4:1 size reduction from the tube face to the 
film, the optics are simpler and more compact. At the sending end the 
photomultiplier can be put immediately behind the film and receives 
much more light by transmission than was available by reflection from 
a page -size print on paper. Reduced beam currents are possible with 
consequent improvement in definition. 

The scanning speed in this case was 50 lines per second, 15 seconds 
per frame. The resolution was 700 lines each way. It was observed 
that strict proportionality of the reproduced image is more readily 
obtained with identical deflection circuits at each end of the system, 
the usual "S" shaped distortion in deflection being automatically com- 
pensated. 

SELECTION OF CATHODE -RAY TUBE 

Although there are a large number of commercially available 
cathode -ray tubes at the present time, only a few meet the exacting 
requirements of facsimile scanning. The major requirements are (1) 
a flat screen, (2) a very small spot of light and (3) ample spot bright- 
ness. These requirements automatically exclude practically all tele- 
vision kinescopes and most of the oscilloscope tubes. This work has 
been done with the flat face flying -spot cathode -ray tubes. These have 
a 4.25 -inch flat screen and can be operated at 25 to 30 kilovolts to give 
a small, bright spot of light. Types of this category are the 5WP11, 
the 5WP15 and 5ZP16. 

Spot size determines the definition that may be attained. In tele- 
vision, definition is usually expressed as the maximum number of 
alternate black plus white lines that can be resolved across a picture 
raster. In facsimile a more critical view is taken. Alternate lines must 
not only be discernible but should have a good contrast ratio. Measure- 
ments made on a type 5ZP16 tube gave spot diameters of 0.005 to 0.006 
inch when measured between points 10 per cent down from the maxi- 
mum. This figure was obtained by use of a very low value of beam 
current -of the order of 1 to 2 microamperes. The spot size increases 
as the beam current goes up. A spot diameter of 0.005 inch will give 
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825 lines across the diameter of a 4.25 -inch screen. High -frequency 
signal boost can be used to compensate for a certain amount of signal 
drop as the limiting action of spot size is approached. In the Standard - 
Speed System this method was used to obtain 1000 -line resolution from 
a pickup signal that dropped to 60 per cent on fine bars. 

It is unfortunate that the use of a low beam current to get high 
resolution also gives a low level of spot brightness. Operation at a 
high value of beam current not only results in a bigger, brighter spot 
but other effects occur. A high level of light is usually required from 
electronic flying -spot recorders, but phosphor screens and glass are 
subject to burning or browning when bombarded with too great a con- 
centration of energy. To verify this a new type 5WP11 was operated 
at 30 microamperes and 27 kilovolts for a 30 -hour test with continuous 
single line scan of 90 per cent duty cycle. At the end of the test the 
light output from this "burned" phosphor line was down to 50 per cent. 
A compromise can usually be reached depending on what performance 
is required. 

Although electronic devices are generally characterized by tremen- 
dous speed, the rate of light decay on a phosphor is often an exception. 
The P -16 phosphor emission decays to 10 per cent in 4.5 microseconds, 
but the P -11 phosphor requires 2 milliseconds to reach the same value 
under some operating conditions. This factor may become prominent 
in scanning since it tends to produce a "tail" of light behind the flying 
spot. Decay must be rapid enough that the pickup cell receives light 
from only one picture element at a time. In cathode -ray -tube recording 
by line sweep, the decay time may extend over the major part of the 
line -sweep period with no detrimental effect. 

In some applications the spectral emission characteristic of avail- 
able phosphors must be checked. This becomes important if colored 
copy is to be handled, but is of lesser consequence for black and white. 
There is also the matter of matching the sensitivity characteristic of 
the pickup device to the light source. For black- and -white copy the 
5ZP16 cathode -ray tube and the 5819 photomultiplier work well to- 
gether. Since the emission from a P -16 phosphor is mostly in the 
ultraviolet (and hence, invisible) , focussing is best accomplished by 
means of oscillographic observation of the scanner output signal. 

OPTICAL PROJECTION CONSIDERATIONS 

A much more elaborate but no less precise optical system is required 
for cathode -ray -tube scanning than for conventional, mechanical fac- 
simile scanning. This is due to the fact that a whole scanning line (or 
raster in one case) must be projected from the phosphor screen onto 
the subject copy. The choice of lens is governed by several factors. 
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A flat field of focus over as large a projected area as possible is desir- 
able. If the focal length is too great the system becomes bulky. A 

magnification other than unity increases the length of the optical path. 
For available lenses the maximum subtended angle of use has been 

found to be about 30 degrees ( ±15 degrees) . Some lenses do not give 
good performance for magnifications of unity or less than unity. 

In one case a standard enlarging lens of 5.33 -inch focal length and 

f/4.5 gave fairly good results, but definition fell off at the ends of an 
8 -inch projected scanning line. A lens of the symmetrical anastigmatic 
type having a focal length of 8 inches and f/6.3 gave superior per- 
formance. 

The optical spacings required for lens operation follow these two 
simple laws: 

1 1 1 C -_--}-- and X=-. 
F B C B 

Here F is the focal length of the lens, B is the distance from the 
cathode -ray -tube screen to the lens, C is the distance fromthe lens to 
the subject copy, and X is the magnification ratio. Application of 
these rules to an 8 -inch lens set for a 2 -to -1 magnification gives an 
over -all path length of four feet it the length of the cathode -ray tube 
is included. If means for handling the subject copy to give vertical 
scanning and adjustable magnification are also included, the space 
problem is even more critical. 

A good solution to this problem was worked out and used in the 
Standard -Speed System. The details are shown schematically in Figure 
5. The desired range of magnification ratio was from 2 -to -1 to 1 -to -2. 

A folded optical path is used to project a 4.33 -inch' scanning line onto 
the copy which may vary in width from 8.66 to 2.16 inches. Three 
mirrors M1, M2, and M3 are used to break the optical path into four 
sections. An L- shaped member pivoted at the toe point carries mirror 
M2 at its heel and moves mirror M3 in a vertical slide. A carriage hold- 
ing the lens rides on the longer side of the member by cable drive from 
the magnification -ratio control crank. A roller on the lens carriage 
traverses a fixed cam as shown to impart the required motion to the 
L- shaped member. Mirror M1 is fixed in position and the angular 
position of mirror M3 is controlled by a small pantograph. Accurate 
focus is maintained throughout the whole range. 

Although this appears to be somewhat complicated, the maximum 
dimension of the complete scanner was reduced to 20 inches as men- 
tioned before. This machine (Figure 3) scans the flat copy, which is 

carried on a motor -driven carriage to provide the vertical scan. 
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Fig.5- Folded optical system schematic. 

LIGHT PICKUP 

When electronic scanning is used on opaque copy the collection or 
pickup of reflected light requires a special optical system. A design 
must be achieved that will not only collect as much light as possible 
but will produce uniform response all along the scanning line. The 
efficiency of light collection is important for a high signal -to -noise 
ratio because the illumination from the flying spot is very low. In one 
of the developments, four type 5819 phototubes were spaced in a row 
to give uniform pickup over an 8 -inch line. Their outputs were com- 
bined in parallel and individual controls were used for matching pur- 
poses. This did not prove to be satisfactory since the balance was 
difficult to maintain, partly because of tube aging, and the parallel 
arrangement gave a signal -to -noise ratio of only 25 decibels. 
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A better solution to this problem is illustrated in Figure 6 and was 
used on the Standard -Speed System. A single type 5819 photomulti- 
plier was employed with a cylindrical lens and a light funnel to direct 
the reflected light onto the photoemissive cathode. Two small mirrors 
were used as shown to increase the pickup from the extreme ends of 
the line. As a final detail to completely equalize the response, a paper 
mask was adjusted point -by -point along one edge of the cylindrical 
lens. A signal -to -noise ratio of 40 decibels was obtained in this case. 
This was for a beam current of 2 to 5 microamperes in the type 5WP15 
scanner tube operating at 25 kilovolts. The photomultiplier output 
was 2 volts for white areas on the subject copy. 

SCREEN COVERAGE 

Except for raster scanning, the systems described operate from a 
single scanning line across the phosphor screen of the cathode -ray tube. 
This limitation obviously results in very inefficient use of the screen. 
As mentioned previously, continued use of a single line would also 
shorten the life of the tube, particularly with a high level of beam 
current. To overcome this difficulty, manually adjustable vertical de- 
flection may be included so that the scanning line may be changed 
from time to time to different places on the screen. In order to hold 
the projected scanning line in the same position on the subject copy, a 
compensating optical shift of opposite sense must be made. This has 
been accomplished by physically moving the cathode -ray tube or by 
rocking a prism or mirror in the light path. 

A somewhat more elegant as well as practical way to accomplish 
this function is to link the electrical and mechanical adjustments to- 
gether and drive the system with a single control. If a motor is used 
for this drive a considerable area of the total screen may be used and 
it will age uniformly and slowly. 

UNIFORMITY OF SPOT BRIGHTNESS 

Until experiments were made with cathode -ray tubes as facsimile 
scanners, it was not apparent that lack of uniformity in spot brightness 
would present a problem. However, phosphor grains are deposited on 
the inner glass surface by settling them out of a liquid suspension, 
and this does not produce an absolutely uniform thickness. In single - 
line scanning, variations from this cause can produce vertical streaks 
in the reproduction. Another observable variation in spot brightness 
as the beam is deflected can be attributed to beam defocussing produced 
at wide deflection angles. Still another possible source of variation is 
the projection lens. The combined effect of these factors has been 
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observed to produce light output variations as great as 2 to 1 in some 
cases. 

When reproduction includes half -tones this much variation cannot 
be tolerated, nor can it be removed by limiters as it is for line cuts. 
A scheme called automatic white control has been devised to solve this 
problem. Figure 7 illustrates the details of one such device. A sample 
of the light emitted by the cathode -ray tube as the spot sweeps across 
the screen is "viewed" by a type 931A photomultiplier tube mounted 
adjacent to the projection lens. The electrical output of this tube is 
amplified by a triode T4 and fed back as control bias to the cathode of 
the cathode -ray tube. 
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Fig. 7- Simplified automatic white circuit. 

Any tendency toward brightness variation is instantly recognized 
and proper control is effected to counteract it. The speed of operation 
should be sufficiently high relative to the scanning rate to correct for 
phosphor variations even smaller than the light spot dimension. In 
variable magnification systems the 931A tube may be mounted on the 
lens carriage so that light variations resulting from lens position 
changes can also be compensated. In the circuit shown, a potentiometer 
Rd is provided for setting the maximum attainable beam current at a 
safe value and the desired operating level of brightness can be set 
by means of control Ra. A condenser C1 prevents oscillation at very - 
high frequencies. 

Automatic white control was used in the Remote Duplicator, the 
Standard -Speed System, and the Electronic- Xerographic System. 

LINEARITY OF SWEEP 

Although linear line sweep occurs naturally in most mechanical 
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systems, it is considerably more difficult to attain in an electronic 

system. Not only must a suitable sawtooth waveform be generated, 

but it must be applied to the cathode -ray tube so as to produce uniform 

spot motion. Most deflection yokes are not linear so that the drive 

current characteristic must be slightly S- shaped to produce suitable 

correction. The difficulties from an electronic point of view increase 
o 
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Fig. 8- Electronic scanner deflection circuit. 

as the sweep frequency decreases. Two other related factors are stray 
field pickup and regulation of the high -voltage anode potential supply. 

For precision work the cathode -ray tube must not only be shielded 

from stray magnetic fields (primarily from power supplies) but the 

deflection current must be free from "hum." Variations in the anode 

potential cannot be tolerated since this changes the beam "stiffness" 

and, hence, the deflection sensitivity. 
A typical sweep circuit as used in the Electronic -Xerographic 
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System to operate at 240 lines per second is shown in Figure 8. The 
basic sawtooth waveform is developed as a potential across condenser 
C which is slowly charged through resistor R and quickly discharged 
by triode V13A. Variable resistor P12 and the other associated con- 
densers and resistors provide a means of adjusting the waveform so 
that the result produced in the deflection yoke coil L is reasonably 
linear. Variable resistor P11 causes a sharp reverse pulse to be pro- 
duced at flyback time to help overcome the inductive effect of the yoke. 
The other tubes act as phase splitter, triode amplifiers, and push -pull 
drivers. Two other controls which are invariably used in deflection 
circuits are the size control (P10) and the centering control (P16). 
A system of this type will give an over -all characteristic that does not 
deviate more than 3 per cent from perfect linearity. 

84 o 

8- o 

Io 

CONSTANT 
CURRENT 

REGULATOR 

MOTOR DRIVEN 
POTENTIOMETER 

DEFLECTION 
COIL 

CONSTANT 
CURRENT 

REGULATOR 

Fig. 9- Low -speed deflection circuit. 

For the Standard -Speed System better linearity was required and 
the slow speed of 1.5 sweeps per second imposed very high precision 
and stability requirements for an electronic sweep. The deflection 
system selected for this is partly mechanical and partly electronic as 
depicted briefly in Figure 9. With this simple arrangement, the linear 
motion applied to the potentiometer slider by the motor drive produces 
a linear variation of deflection current from a positive value through 
zero to a negative value. The two current regulators, which provided 
about 50 milliamperes each in this case, can be adjusted to set the 
length and centering of scan. This system gave an over -all deflection 
linearity that deviated not more than 1 per cent from the ideal con- 
dition. 

MISCELLANEOUS ITEMS 

When flying -spot cathode -ray tubes are operated at more than a 
few microamperes beam current, there is likely to be screen damage 
if the beam is allowed to remain stationary. It is good practice to 
provide protection against this possibility by automatically turning 
the beam off in case of loss of deflection. One method is to rectify a 
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portion of the deflection signal and use it to hold the beam on by relay 

control. 
The synchronizing problem with electronic scanning is not funda- 

mentally different from that for conventional mechanical systeme. 

Reference frequencies can be provided by (1) locally maintained fre- 

quency standards at both terminals, (2) 60 -cycle power line tie -in or 

(3) a single standard with sync pulse transmission. Since these 

methods are well known in the facsimile art there is no need for de- 

tailed discussion here. In electronic scanning, as in television, it is 

the usual practice to trigger the sweep circuit at the beginning of 

each line, the trigger or phasing pulses being supplied from the 

standard. 
The recording means, if electronic, may use the same trigger pulse 

if it is transmitted with the signal. The bandwidth of the transmission 

circuit for the required speed of operation is usually sufficient to handle 

the sync pulses with the necessary precision and stability. A special 

difficulty arises when electronic equipment at one terminal is to be 

synchronized with motor driven equipment at the other. The inertia 

of the mechanical device may prevent it from following any rapid 

changes in the electronic units. In the Remote Duplicator System the 

scanner sync pulses were generated from a motor having the same 

inertia as the motor driving the recorder. 
The flying light spot produced on the flat screen of these cathode - 

ray tubes provides a means of scanning flat copy which cannot readily 

be accomplished by mechanical means. For the case where reproduc- 

tions from pages of books and magazines is necessary this flat -bed 

scanning is essential. However, in attempting to utilize the speed 

capabilities of electronics the input copy feeding problem may become 

a limiting factor. 

CONCLUSIONS 

Although these systems have not been developed beyond the experi- 

mental prototype stage and very little operational data has been 

accumulated, certain reasonable conclusions can be drawn. In all cases, 

a completely workable, practical facsimile system was obtained which 

could be engineered further for commercial use. However, there are 

certain limitations as well as a few advantages in the electronic system. 

Attainment of good sweep or scanning linearity is more difficult to 

reach with the deflection of an electron beam than with a rotating 
drum, especially at low speeds. Even though the yoke current is made 

to follow a precise saw tooth pattern, this does not result in absolutely 

linear spot movement. The linearity of electronic scanning can be 
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improved further, but this increases the complexity of the system. A 
high degree of linearity is easier to get in a mechanical scanner. 

The limit of definition for cathode -ray -tube scanners is in the spot 
size produced on the phosphor screen. The use of 25- to 30- kilovolt 
accelerating potentials and low values of beam current such as 2 to 5 
microamperes give a very small area of light, but the maximum defi- 
nition attainable with standard tubes is about 1000 lines across the 
whole screen. A mechanical scanner can do better than this with a 
relatively simple optical system. Future developments in cathode -ray 
tubes may be expected to give 2000 -line definition. 

The obvious and outstanding advantage for the electronic device 
is speed. All the systems discussed, except "Ultrafax," operated at 
relatively low speeds for electronic scanners. Good sweep linearity and 
circuit stability can be more readily attained at speeds which start at 
the upper limit of mechanical systems. For continuous scanners this 
comes at one to two pages per minute. For high -speed transmission 
the electronic scanner must be used. 

Although the optical systems for flying -spot scanners are somewhat 
cumbersome, they do offer a means for efficiently handling subject copy 
for a variety of types and sizes. Practical flat -fed scaning opens up 
new applications. In spite of the nonlinearities of the lens law, the 
variable magnification problem can be practically solved as was done 
in three of the projects. This feature of flexibility is not practical to 
attain with the mechanical scanner. 

The experimental and developmental work on applying cathode -ray 
tubes to facsimile systems has resulted in a good background of infor- 
mation. With this accumulation of data one will be able to judge 
better as to how much electronics should be used when new facsimile 
applications arise. When flat -bed scanning is required, when high 
speed of transmission is necessary, or when photographic reproduction 
is used, electronic scanning of the subject copy should be considered. 
As transmission speeds get higher and higher, the ultimate limitation 
may be the available bandwidth or the sensitivity of the photographic 
reproducer. 
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Summary -A filter element suitable for high -power ultra-high- frequency 
television applications is described. This element consists of a radial trans- 
mission line cavity coupled in series to a circular waveguide which is oper- 
ated in a circularly polarized mode. The theory relevant to the design of 
these filter elements is presented. Curves displaying the required design 
data are given. 

I. INTRODUCTION 

N CONNECTION with the development of components with high 

power handling ability for use at ultra -high frequencies, a struc- 

ture consisting of a circular waveguide series -loaded by radial 

line cavities appears to have many desirable features. For the structure 
envisaged, the circular waveguide would transmit circularly polarized 

energy in the dominant mode of the guide. While a rather complete 

treatment of the radial line excited in uniform amplitude and phase 

is given in the literature, it is not believed that a published treatment 
of the radial line excited in rotating phase exists. Also, some addi- 

tional results in regard to circular polarization in cylindrical wave - 

guides are needed. 
It is the object of this study to develop specific design formulas 

that can be used in connection with the structures mentioned in the 

previous paragraph. In Section II a rather complete theory for radial 

lines excited in rotating phase is presented. Input impedance expres- 

sions have been derived, and design curves showing the resonant 

lengths for open and short circuit terminated radial lines are pre- 

sented. A formula for the Q of radial line cavities is derived and a 

comparison with other types of cavities is given. 

In Section III two different definitions of the characteristic impe- 

dance for a circular waveguide transmitting circularly polarized 

energy are presented. The first is useful in determining the reflection 

coefficient on the guide due to a given series load, while the second 

relates the power transfer on a matched guide to the axial wall current. 

* Decimal Classification : R119.35. 
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Throughout this paper the time dependence of the field quantities 
has been taken as that given by the factor eiwt, and, as usual, this 
factor has been dropped from all the equations. 

II. RADIAL TRANSMISSION LINES -ROTATING PHASE MODE 

A. General Considerations 
A considerable amount of work has been done in connection with 

radial transmission lines whose inner radii are excited by a constant - 
phase voltage.'-3 The theory for radial transmission lines whose inner 
conductors are excited by a constant magnitude voltage of rotating 
phase will be developed here. One application of such transmission 
lines is encountered in the series loading of circular waveguides which 
are transmitting power in a circularly polarized mode. 

A radial transmission line and the coordinate system associated 
with it is illustrated in Figure 1. Circular cylindrical coordinates are 
used with the Z axis perpendicular to the plane of the paper. 

Fig. 1- Radial transmission line and associated terminology. 

It is assumed that there is no z variation of the field quantities, 
and that the aperture at r = a is excited by a phase rotated wave. 

E$(a,0) = Eoe-Jm, (1) 

Elementary solutions to the wave equation in cylindrical coordinates 

' H. Salinger, "A Coaxial Filter for Vestigial -Sideband Transmission 
in Television," Proc. I.R.E., Vol. 29, pp. 115 -120, March, 1941. 

2 N. Marcuvitz, Waveguide Handbook, McGraw -Hill Book Company, 
New York, N. Y., 1951, pp. 29 -47. 

3 W. Ramo and J. R. Whinnery, Fields and Waves in Modern Radio, 
John Wiley and Sons, New York, N. Y.. 1949, pp. 354 -368. 
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(r, 95, z) are given by4 

= e i' [AH ,2) (kr) -}- BH (1) (kr) ], (2) 

where = the scalar potential of the wave. 

H (°-, = Hankel function of the second kind and represents 
outward -traveling waves, 

H (1) = Hankel function of the first kind and represents in- 

ward- traveling waves, 

n = order of the Hankel function, 

A, B = arbitrary constants and correspond to incident and re- 
flected waves respectively, 

k= propagation constant which, in a lossless medium, is 

equal to 27r /X. 

The corresponding fields are 

Ez =4/, E,.= 0, E6=0, 

j 1 all/ 

Hz = 0, Hr = -I- - , H6= -- . 

µu, r 343 µw ar 
(3) 

In order to match the boundary condition at r = a, given by Equation 
(1), n must be taken as unity, and, thus, 

and 

where no = 

E.= eim [AH1c2 (kr) + BHP) (kr) b 

Ho= -1 eim [AHl(2)' (kr) -I- BH1(1)' (kr) 7, (4) 
no 

- = intrinsic impedance of the medium. 
E 

Equations (4) can be rewritten in a form which emphasizes their 
traveling wave character. Thus, 

4J. A. Stratton, Electromagnetic Theory, McGraw -Hill Book Company, 
New York, N. Y., 1941, pp. 360 -361. Note that the expressions given here 
are the complex conjugates of those given in Stratton. This is because a 
different time dependence has been taken from that given in Stratton. 
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Ez = e -im G1 (kr) [Ae- ie(kr) -r- Be +ie(kr)], 

and 

where 

1 
Ho - - - e-io G2 (kr) LAe-ia'(l;r) - Be+iP(krl], 

no 

G1 (x) _ N/J1=' (x) + N12 (x) = ix) I, 

N, (x) 
O(x) = arc tan = Arg H1(1) (x), 

J1(x) 

G2 (x) = /Jl (x) + (x) = IH1(1)' (x) I, 

- J1" (x) 
(x) = arc tan = Arg -j1/1(1)' (x), 

(s) 

J1 (x), N1(x) = Bessel functions of the first order and of the 
first and second kinds respectively. 

J1'(x), Ni'(x) = derivatives of the functions with respect to 
their arguments. 

(5) 

It is worth noting at this time that the use of asymptotic forms5 for 
the Bessel functions involved in Equations (5) will result in a con- 
siderable simplification. For large values of their arguments 

2 
G1(x) 

rx 
and (6) 

37r 
O(x) - (x) x 

4 

B. Impedance Expressions 
The impedance at any point on the radial transmission line will be 

taken as the ratio of electric field to circumferential magnetic field at 
that point. Thus, from Equations (5), 

5A. Sommerfeld, Partial Differential Equations, Academic Press, Inc., 
New York, N. Y., 1949, pp. 116 -117. 
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Aefeekr) + $e+iov:r) 
Z(kr) =-Zo(kr) 

Aet*(kr) -Be+i* (kr) 

noGi (kr) 
Zo(kr) 

GZ(kr) 

(7) 

The constants A and B depend on the complex ratio of incident to 

reflected power. Explicit expressions for impedance can be obtained 

for various terminal conditions. If Z (kb) = E H evaluated at r = b 

is regarded as known, it can be shown from Equations (7) that 

Z (ka) = 
Z (kb) cos [O (ka) -4, (kb) ] +jZo (kb) sin [O (ka) -O (kb) ] 

Z0(ka) 
Z (kb) cos [ (ka) -O (kb) ] + jZ (kb) sin [4, (ka) - (kb) ] 

(8) 

The analogy to the usual transmission -line formula is evident, and, 

in fact, for large values of radius, the asymptotic expansions of Equa- 

tions (6) can be used, and Equation (8) then reduces to exactly the 

usual transmission -line formula. For a short -circuit termination, 
Z(kb) = 0, and 

Z (ka) = jZo (ka) 
sin [O (ka) -O (kb) ] 

cos [NI, (ka) -O(kb)] 
(9) 

For an open- circuit termination, Zb approaches infinity, and 

cos [O (ka) - r (kb) ] 
Z (ka) = jZo (ka) 

sin [4, (ka) - S. (kb) ] 
(10) 

The wave impedance given above can be conveniently converted to 

"total" impedance expressions. Voltage is taken as positive when the 

top plate (plate in positive z direction from other plate) is positive 

with respect to the bottom plate. Radial current flow is considered 

positive when the current flow is outward on the top plate, and the 
"total" current is taken as the product of the current density and the 
circumference of the line. With these conventions, "total" impedance 

is obtained by multiplying the wave impedance by the factor -l/ (27rr) . 

It is no accident that the Equations (8)- (10) look almost exactly 

the same as those given by Ramo and Whinnery3 for in -phase feed, 
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The difference, of course, is in the definition of the functions given by 
Equation (5) which is here appropriate to rotating phase feed. 

C. Resonances 
There are four types of resonances involved in open- and short - 

circuit- terminated radial transmission lines. The conditions for these 
resonances can be obtained through Equations (9) and (10). 

The condition for parallel resonance of a short -circuit- terminated 
line is found from Equation (9) by setting 

cos [Air (ka) -O (ka) ] = 0, 

which is equivalent to* 

N1(kb) N1' (ka) 
(11) 

J1(kb) J1'(ka) 

The condition for series resonance of a short -circuit -terminated 
line is found from Equation (9) by setting 

which is equivalent to 

sin [U (ka) -O (kb) ] = 0, 

Nl (kb) Nl (ka) 

J1(kb) J1(ka) 

The condition for parallel resonance of an open- circuit- terminated 
line is found from Equation (10) by setting 

(12) 

which is equivalent to 

sin [4, (ka) - (kb) ] = 0, 

N1' (kb) N1' (ka) 

Jl'(kb) J1'(ka) 
(13) 

The condition for series resonance of an open -circuit -terminated 
line is found from Equation (10) to be 

which is equivalent to 

* See Appendix I. 

cos [Q (ka) -AF (kb) ] = 0, 
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Fig. 2- Series and parallel resonances of short- circuit -terminated radial 
lines. 

Curves illustrating the resonances of radial transmission line stubs 
fed in rotating phase are given in Figures 2 and 3. The resonances for 
in -phase feed are also given there for comparison. 

The solution of Equations (11) -(14) is expedited by the use of 

curves given in Jahnke and Emde.6 An additional curve supplementing 

those given in Jahnke and Emde is given here in Figure 4. If more 

accuracy is required than can be obtained from the curves, the points 
from the curve can be used as a starting point for a numerical solution 
by means of successive approximations. 

It should be noted that the curves referred to in the previous para- 
graph can also be used conveniently in the design of a radial transmis- 
sion line for a specified input reactance. This becomes evident when 

6 E. Jahnke and F. Erode, Tables of Functions with Formulae and 
Curves, Dover Publications, New York, N. Y., 1946, pp. 200 -203. 
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the trigonometric functions in Equations (9) and (10) are expanded 
by the usual addition formulas. 

D. Voltage and Current Distributions 
The voltage and current distributions on the line can be obtained 

directly from the field expressions of Equations (2) -(5). Since the 
electric field has only a z component which is independent of the z 
coordinate, the voltage between any two opposite points of the line is 

1.25 

IO 

75 

.25 

1 

SERIES 

i 
ROTATING PHASE FEED 

- - - - - IN PHASE FEED 

2 

PARALLEL 

SERIES 

PARALLEL 

SERIES 

e io 
a 

X 

Fig. 3- Series and parallel resonances of open- circuit -terminated radial 
lines. 

given by the product of the magnitude of the electric field times the 
height of the line. The current density on the parallel conducting plates 
is directly proportional to the magnitude of the magnetic field at the 
surface. The surface -current -density vector is given by 

= ñ X H (15) 
A 

where n is a unit vector directed from the conducting plates into the 
radial line. 

E. Q of Short -Circuit Terminated Resonant Cavity 
For the case of a short -circuit -terminated radial line it is found 
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from the field expressions (2) to (5) that 

Ez = Be io G1(kr) sin [O (kr) -O (kb) ], 

and 

B 
Hm=-9 eAb G2(kr) cos [4,(kr) -O (kb)], 

no 

Hr = 
B G1(kr) 

ei4 sin [O (kr) -O (kb) ]. 
no kr 

(16) 

It is interesting to note that the radial component of magnetic field 
(and, hence, the circumferential component of surface current) varies 
inversely as the radius. Therefore, this component becomes increas- 
ingly negligible with respect to the other field components as the radius 
increases. 

The definition of Q will be taken to be 27r times the ratio of the 
total stored energy to the energy dissipated per cycle. While the field 
expressions have been derived on the assumption that the walls of the 
line are perfectly conducting, the losses for high- conductivity walls can 
be approximated in the usual manner by integrating the power loss in 
the walls using the surface currents obtained from the perfect con- 
ductor assumption. The total power loss is 

Pt= Pw+P8+Pd, (17) 

where Pw is the copper loss in the walls of the radial line, P. is the 
copper loss in the short -circuit termination, and Pd is the dielectric 
loss in the dielectric filling the radial line. For present purposes it 
will be assumed that P. and Pd are negligible with respect to P. Now 
the power loss in the side walls is given by 

1 
Pw=2p if -KFf*da, 

= p H FI'*da, (18) 

where p is the surface resistivity of the material, and the integral is 
taken over one of the parallel plates of the radial line. 

The average energy stored in the magnetic field is given by 



CIRCULAR POLARIZATION IN WAVEGUIDES 301 

Tay= -- fff II. H *dv, 
4 

_- ff HH*da. 
4 

(19) 

where in the second equation the integration with respect to z has 

already been carried out so that the integral appearing there is the 
same as that in Equation (18) and l is the height of the radial 

transmission line. 
At resonance the average energy stored in the electric field is equal 

to that stored in the magnetic field. Therefore, Q can be expressed as 

2Tav 
Q= 27--, 

PwT 
(20) 

where T is the period. Upon simplification Equation (20) reduces to 

Q= 
1207r2 1 

P X 

(21) 

which is the desired result. 
It is interesting to note that as in the case of resonant uniform 

transmission line cavities, the Q is independent of the particular mode 

of resonance being used. It would appear that the Q could be increased 
indefinitely simply by increasing 1. There are two factors that operate 

to limit the Q available in this manner. Firstly, the contribution of 

the short -circuit termination to the total losses has been neglected in 

the above determination of Q. These losses would increase as l was 

increased. Secondly, if operation is to be restricted to the transmission - 

line mode, l cannot be made larger than one -half wavelength. It can 

be shown that for reasonably large radii, the power lost in the short - 
circuit termination is given approximately by* 

1Pw 
P.= b-a 

When the equation for Q is modified accordingly, it becomes 

1207r2 1 l 1 
Q= - 1-{ 

P b-a 
* See Appendix II. 

(22) 

(23) 
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It is interesting to compare the Q of a radial line cavity with that 
of other configurations. For a long radial line cavity constructed of 
copper for which i is one -quarter wavelength and which is operated 
at 820 megacycles, 

Q = 39,600. 

For a coaxial line cavity of maximum Q whose outer diameter is six 
inches, 

Q = 18,400, 

when operated under the same conditions. For a spherical cavity 
resonant in its dominant mode under conditions similar to those stated 
above 

Q = 50,400. 

The above figures are theoretical Q's, and it would be expected that 
actual practical Q's would be somewhat smaller in each case. Never- 
theless, a useful comparison is obtained through these theoretical Q's. 

III. CIRCULAR POLARIZATION IN CIRCULAR WAVEGUIDE 

A. Field Expressions 
Although the field expressions for dominant mode propagation in 

circular waveguide are given in many places, they will be repeated 
here for completeness. The fields for a TE11 circularly polarized wave 
in circular waveguide can be obtained from the scalar potential. 

where 

= Ae-im Jl (ßr) e-¡Aa + Be-AA Jl (ßr) e+iiz, (24) 

ß2 = k2 - h2, 

and where ß is determined from the first positive root of 

Jl (ßa) = 0. 

(25) 

(26) 

The first term in Equation (24) represents an incident wave, and the 
second term represents a reflected wave. k is the usual free space 
propagation constant, and a is the radius of the guide. The corre- 
sponding field components are 

H = ß 2 , 

hG 
hlm=+-go 

r 
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(ßr) 
Hr = + jh G. 

J1(ßr) 
Ett = 0, 

Em = j µwß 

and 

(ßr) 

J1(ßr) 

E= -µu, -. (27) 
r 

Where two signs are given in Equations (27) the top sign is applicable 

to the first term of ¢ while the bottom sign is applicable to the second 

term. 

B. Symmetrical Series Loading at Outer Guide Wall 

In some applications it is desirable to load a circular waveguide 

transmitting circularly polarized power with a series load at the guide 

wall as shown in Figure 5. It will be assumed that the distance I 

REGION I REGION 2 

-INTERGRATION PATH 

Fig. 5- Circular waveguide with series loading. 

is much smaller than the guide wavelength. The object of the develop- 

ment to be given here is to find the reflection coefficient on the guide 

due to this series load. In other words, it is desired to find a char- 

acteristic impedance for the guide to which the series loading impe- 

dance can be normalized. 
The circumferential component of magnetic field, Ho, must be 

continuous across the discontinuity at the series load. That is to say, 

all of the axial current which flows into the series load must flow out 

the outer side. The corresponding value of EZ in the gap is 

EZ = Z (ka) Hth, (28) 

where Z (ka) represents the wave impedance in the gap. Outside the gap 
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EZ = 0, (29) 

on the guide walls. 
Now the field quantities satisfy the following integral relation: 

a f7.d= - - 13nda , 
at 

S 

_ -ht., Ff ñda, 

"S 

(30) 

for fields periodic in time. The curve C is any closed curve in a region 
in which the field quantities satisfy Maxwell's equations, and S is any 
surface which spans the curve C. In particular, if the integration path 
indicated in Figure 5 is taken as the curve C, and S is taken as the 
plane rectangular area which spans the curve, we can write 

J7.d= -f/L, Hoda. (31) 

C S 

Since Ho is continuous across the gap, the integration with respect to 
z can be performed to obtain 

a 

fF di = -jatu,l Hmdr. 

C o 

(32) 

Equation (32) together with the continuity of Ho are sufficient to 
determine the reflection coefficient introduced by the series load. 

The guide is assumed to be matched to the right of the discon- 
tinuity, i.e., in region 2, and in this region, then, 

= eim Ji (ßr) e-iAa, (33) 

In region 1 there may be both an incident and reflected wave so that 

= e -JO J1 (ßr) LAe i"~ + Be +ih3]. 

Referring to the field expressions (27) it is seen that the continuity 
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of H0 requires that 

A -B =1, (35) 

where z has been taken equal to zero at the discontinuity. Insertion of 

the field expressions into Equation (32) yields 

27rhiJ1(ßa) Z ( ka) 
A+B=1-jhl- (36) 

Pa ji (x) 27ka 
dx no I x 

It is noted that from symmetry E. = 0 on the portion of the integra- 
tion path along the axis of the circular waveguide (See Figure 5). 
The magnitude of the second term on the right of Equation (36) is 

the electrical length of the gap. It will be assumed that the gap is small 

enough that this term can be neglected relative to the other terms of 

Equation (36) . This is equivalent to taking the right -hand side of 

Equation (32) to be zero. 

Now Equations (35) and (36) are to be compared to the corre- 

sponding equations one would obtain on a uniform transmission line 

from the transmission line equations. These are 

A-B=1, 
and 

Z 

Z0 
(37) 

It is seen that there is a direct comparison. If the total input im- 

pendance of the series load is taken as 

Z=-Z(ka) , 

27ra 

then the characteristic impedance of the guide is identified as 

Zo = no 

Pa 

J1 (x) 
k dx 

0 X 

27rhJ1 (ßa) 

(38) 
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1 60 a J1 (x) 
dx. (39) 

f , 2 J1 (ßa) 0 

1- -- 
f 

Equations (38) and (39) give the desired results by which the reflec- 
tion coefficient on the guide due to a symmetrical series load can be 
obtained. 

The series load impedance given by Equation (38) is the same 
as the one that would be obtained from the quotient of the total voltage 
across the load and the "total" axial current flowing into the load. 

The definite integral involved in Equation (39) can be readily 
evaluated by substituting for J1(x) its Maclaurin series expansion 
and integrating term by term. It is found that 

Zo = 
82.601 

ohms. (40) 

- ) 
2 

As was to be expected, the functional dependence on frequency of the 
characteristic impedance defined here is the same as that for other 
definitions of characteristic impedance.* 

It may be noted that in obtaining the result of Equation (40) the 
field expressions used for the circular waveguide and radial trans- 
mission line were those for the dominant modes only. This is valid in 
obtaining a characteristic impedance for the waveguide, but it should 
be appreciated that a number of higher order modes will be excited 
at the junction between the waveguide and the transmission line. 
This will result in a slight deviation from the performance predicted 
by the present theory. The derived characteristic impedance will, how- 
ever, not be altered by the presence of higher order modes. 

C. Wall Current in Guide for Given Amount of Power Transfer 
In the utilization of series loading of the type described in the 

preceding section, one is directly concerned with the axial current 
flowing in the guide wall. It is proposed here to determine a charac- 
teristic impedance of the guide (different from that obtained in the 
previous section) which can be used to determine the "total" axial 
current flowing in the wall of a matched circular guide when the power 
being transferred is known. The term "total" axial current is defined 

* pp. 6 -8, Reference (2). 
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as the product of the axial current density and the circumference of 
the guide. 

The power being transferred in the guide is found from the usual 
expression 

1 Pz=- (T x tt*),da, 
2 

S 

where the integral is to be taken over a cross section of the guide. 
Since the guide is matched, the scaler potential is given by 

= Ae-70 Ji (ßr) eir,z, 

(41) 

(42) 

When the corresponding field expressions are introduced into Equation 
(41) it is found that 

ßa 

Pz = rrno kh [J1'2 (x) -{- J12 (x)/x21 xdx AA*, (43) 

0 

where the integration with respect to 4 has already been carried out. 
The definite integral in Equation (43) can be readily evaluated by 
inserting the -series expansions in place of the Bessel functions in- 
volved in the integrand and integrating term by term. When this is 
done it is found that 

Pz = 7rnolch (.40455) AA *. (44) 

The axial current density is equal in magnitude to the magnitude 
of the circumferential magnetic field evaluated at r = a. If the "total" 
current is taken as the circumference of the guide times the current 
density, it is found from the field expressions (27) that 

II* = 2rr2 h2 AA* J12 (ßa), (45) 

where the current, I, is expressed as a root -mean -square current. 
When AA* is eliminated between Equations (44) and (45) it is 

found that 

where 
Pz = II* Zo, 

Zo = 
71.695 

IV 1 

ohms. (46) 
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This is the desired result which relates axial current flow to the power 
being transferred. It is noted that this characteristic impedance has 
the same frequency dependance as the characteristic impedance which 
was derived for series loading purposes. 

IV. CONCLUSIONS 

Design equations and curves have been given for radial transmis- 
sion lines excited in rotating phase. Special emphasis has been given 
to short- circuit -terminated radial line cavities. An expression for 
the Q of such cavities is given together with a comparison to other 
types of cavities. 

Two definitions of the characterisic impedance of a circular wave - 
guide transmitting circularly polarized energy have been given. These 
are useful in relating series loading to the reflection coefficient on 
the guide, and in determining the current flowing in the guide walls. 

Although it has not been the purpose of this paper to present 
experimental data, it should be mentioned that the main theoretical 
results have been verified experimentally. A subsequent paper is 
planned which will describe in detail the experimental data in con- 
nection with specific equipments. 

APPENDIX I- DERIVATIONS OF FORMULAS INVOLVING IMPEDANCE OF 

RADIAL LINE CAVITIES 

Equations (11) to (14) can be readily derived through the appli- 
cation of trigonometric identities. Equation (11) will be derived to 
illustrate the procedure. 

The condition 

cos [4, (ka) -O (kb) ] = 0, (47) 

is replaced by the equivalent condition 

(ka) - O(kb) = (2n+1) - 
2 

From this it follows that 

(48) 

1 + tan ir (ka) tan O (kb) 
cot [4, (ka) -O(kb)] = =0. (49) 

tan ir (ka) - tan O (kb) 

Utilizing the definitions given in Equations (5) it follows that 
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which is equivalent to 

NI (kb) JI'(ka) 
1 = 0, 

Ji(kb) Ni'(ka) 

Ni (kb) N1' (ka) 

Ji(kb) Ji' (ka) 

(50) 

(51) 

which is the desired result. 
It was mentioned at the end of Section II.B that a radial line could 

be conveniently designed to a specified input reactance. An example 
will be carried through here to illustrate the process. Suppose that the 
inner radius, a, and input reactance, X, of a short -circuit - terminated 
radial line cavity are specified. Then from Equation (9) it is found 
that 

sin [O (ka) -O (kb) ] 
X = Z0 lka) (52) 

cos [' (ka) -0(kb)] 

It is desired to solve this equation for b. By employing the usual trigo- 
nometric addition formulas, it can be shown that 

tan O(kb) _ 

X 
sin O (ka) cos* (ka) 

Z0(ka) 

X 
cos [4, (ka) -O(kb)] 

Zo(ka) 

(53) 

The right -hand side of this equation is expressed entirely in terms of 
known quantities so that the unknown quantities have been separated 

NI (kb) 
from the known. By definition, the left -hand side is equal to 

J1(kb) 
so that the curves given by Jahnke and Emde6 can be used conveniently 
to obtain a solution. 

APPENDIX II. - DERIVATION OF EQUATION FOR TERMINATION LOSSES 

IN RADIAL LINE CAVITIES 

Equation (22) gives a relation between the losses in the short - 
circuit termination of a radial line cavity and the losses in the walls. 
This is an approximate formula based on the validity of asymptotic 
expansions for the Bessel functions appearing in the integrand of 
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Equation (18). The asymptotic expansions are actually quite good 
for reasonably large radii. 

When Equation (18) is written out in full using the field expres- 
sions of Equation (16), it is found that 

2r b 

pBB* 
P,,, = [G22(kr) cos2 [4, (kr) -O (kb] 

no2 
o a 

1 

+ G12(kr) sin2 [U(kr) -O(kb)] rdrd.p. 
(kr) 2 (54) 

If the asymptotic forms of Equation (6) are introduced into this last 
equation, and all terms of higher order than 1 /kr are discarded, Equa- 
tion (54) becomes 

4pBB* 

ka 

kb 

P,o = cos2 (x - xb) dx, 
k2no2 

2pBB* sin 20 
k (55) 

k2no2 20 

where s = kr, xb = kb, and O = k (b - a) . For a resonant cavity this 
reduces to 

2pRR* 
P,o= - k(b-a). 

k-n - 
(56) 

To determine the power lost in the short circuit termination the 
integration of Equation (18) is carried out over the short circuit 
termination rather than the side walls. Thus, 

1 
p I-i7Pfda, 

2 

pBB* 

2n02 

which becomes 

2a 

G22 (kb) f bdxdO, 

'o 'o 
(57) 
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Ps= 
l 

n2 k 
, (58) 

when the integration is carried out and the asymptotic form of Equa- 
tion 6 is inserted for G2 (kb) . 

Combining equations (56) and (58), it is found that 

P3 l -_ , 

P10 b -a 
which is the desired result. 
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BY 
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Summary -The performance requirements for a compatible- color -television 
transmitter are somewhat more stringent than those for a monochrome 
transmitter. This paper gives a quantitative evaluation of some of these 
requirements. Amplitude- versus -frequency response, linearity, and differ- 
ential phase response affect large -area color fidelity. Amplitude- versus- 
f requency response and envelope delay determine transient response, or the 
quality of color edges. Adequate frequency response is comparatively easy 
to obtain. Good linearity (differential gain constant within 20 %) and pre- 
scribed envelope delay within ±.05 microsecond are obtained by predistor- 
tion in auxiliary apparatus. Care in circuit design and adjustment is 
required to obtain a low value of differential phase response because large 
signal conditions and nonlinear impedances result in variable phase in video 
circuits and variable envelope phase in single -sideband radio -frequency 
circuits. 

A vestigial- sideband demodulator is desirable for color monitoring in 
order to observe transmitter chroma performance. Stringent demodulator 
performance specifications are imposed since the demodulator is an impor- 
tant tool for adjustment of the transmitter envelope delay. 

INTRODUCTION 

N a compatible -color -television broadcasting system, the trans- 
mitter must be able to transmit monochrome and color signals. 
Because of the similarity of the signals in the compatible system, 

a transmitter that performs well for monochrome will often be satis- 
factory for color broadcasting with only minor adjustments or modi- 
fications. However, special consideration must be given to certain 
requirements if color signals are to be transmitted without degradation. 

There are also some system limitations that should be recognized. 
These have to do principally with the stringent bandwidth limitations 
necessary to prevent adjacent -channel interference. A discussion of 
these problems is given, and various solutions are suggested. 

INTERPRETATION OF FCC SIGNAL SPECIFICATIONS 

It is of interest to consider those aspects of the FCC signal specifi- 
cations which place limits on the signal quality and, therefore, affect 
transmitter design, adjustment, and operation. 

* Decimal Classification: R583.4. 
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It is specified that a sine wave of 3.58 megacycles introduced at 
those terminals of the transmitter which are normally fed the com- 
posite color picture signal shall produce a response (as measured with 
a diode on the r -f transmission line supplying power to the antenna) 
which is down 6 ± 2 decibels with respect to the 200 -kilocycle response, 
and in addition the response from 2.1 to 4.2 megacycles shall be flat 
within ±2 decibels. This says, in effect, that the chrominance signal 
should be about equal to the luminance signal and that the chrominance 
signal should have reasonably constant amplitude -versus- frequency 
response. 

There is another rule which states that the angles of the subcarrier 
signals with respect to the burst phase when reproducing saturated 
primaries and their complements at 75 per cent of full amplitude shall 
be within ±10° of the correct value. The amplitude of the subcarrier 
shall be within ±20 per cent of the correct value and the ratio of the 
subcarrier to the d -c value (ratio of chrominance to luminance - or 
saturation) shall be within ±20 per cent of the correct value. This 
rule specifies the quality of the radiated signal, and only a portion of 
this tolerance can be assigned to the transmitter. 

There are some other rules dealing with delay specifications, operat- 
ing levels, etc., that can be described better with reference to the 
discussion and figures in later paragraphs. 

AMPLITUDE -VERSUS- FREQUENCY RESPONSE 

Transmitter performance problems can be divided fairly well into 
those that affect the color fidelity of large areas and those that affect 
the transient response or color edges. However, some transmitter 
characteristics relate to both of these considerations. Frequency re- 
ponse is such a characteristic. The ratio of luminance to chrominance 
and, hence, the color saturation, is determined by the frequency 
response, and the frequency response in combination with the envelope 
delay determines the transient response and, therefore, the quality of 
color edges. Adequate frequency response is probably the most im- 
portant single requirement for color since without the subcarrier 
response there will be no color. Fortunately it is one of the easier 
requirements to satisfy. 

Figure 1A shows the idealized transmitter response (T), receiver 
response (R), and the channel space allocated to the I and Q color 
signals. The system amplitude response is the product T X R. When 
the signal is demodulated in a television receiver, the resulting video 
frequency response is as shown in Figure 1C, curve Y. If the resulting 
video is again demodulated, this time in appropriate synchronous sub- 
carrier detectors, a Q signal and an 1 signal will be recovered. The 
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I- channel amplitude- versus -frequency response is somewhat deficient 
in high- frequency response compared to the original video signal, I', 
because the upper sideband of the subcarrier modulation is suppressed 
for modulating frequencies greater than 0.6 megacycle (3.58 + .6 = 
4.18 megacycles above visual carrier) . This is due to the bandwidth 
limitations imposed upon the receiver to prevent interference from the 
aural carrier and adjacent -channel signals and upon the transmitter to 
prevent adjacent -channel interference. A monitor switched from video 
line to demodulated signal should show a slight reduction in color reso- 
lution on the demodulated signal. The difference is of more academic 
than practical interest. 

A 
3.58MC. 

-I 0 + +2 +3 +4 +5 
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, .11 I I/ 
- o +2 +3 r4 +5 
MEGACYCLES FROM VISUAL CARRIER 

0 2 3 4 5 
VIDEO FREQUENCY- MC. 

D 

Fig.1 -(A) Idealized amplitude- versus -frequency response of transmitter 
and receiver. (B) Typical amplitude -versus- frequency response of trans- 
mitter and receiver. (C) Idealized amplitude- versus -frequency response of 
demodulated signal. (D) Typical amplitude- versus -frequency response of 

demodulated signal. 

Figure 1B shows the practical amplitude response obtainable with 
current transmitters and receivers, and Figure 1D shows the resulting 
video -frequency response at the output of the receiver second detector. 
The r -f phase- versus -frequency characteristic, which will be described 
later, was taken into account in obtaining the resulting video signal. 
Curves Tv and Tu are actually vestigial sideband filter response curves, 
but the over -all transmitter response will be little different except 
perhaps for slightly lower response in the 3 -4.5 megacycle range. As 
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shown in Figure 1B, some visual transmitters cut off sharply at 4.5 
megacycles above carrier to permit diplexing the sound, and some do 
not. In the latter case the response would still have to be limited to 
4.75 megacycles so as to avoid adjacent -channel interference. 

The 1- megacycle hole in the response of Figure 1D is produced by 
the failure of the upper and lower sideband responses of the receiver 
to complement each other properly. In some receivers this deficiency is 
improved by video frequency response manipulation. On the other 
hand, the hole may be deepened, as shown by the dotted line, by poor 
transmitter response in the lower sideband. The dotted line represents 
the approximate amount of degradation in the over -all frequency re- 
sponse that might be introduced by an acceptable transmitter. 

LINEARITY 

Transmitter linearity is one of the characteristics that affects 
large -area color and has little or nothing to do with transient response. 
It affects color saturation and color brightness. Nonlinearity is an 
inherent property of grid -bias modulation which is the modulation 
process employed in all modern television transmitters. It should be 
remarked parenthetically that plate modulation is no easy cure for 
this difficulty since it introduces other equally serious difficulties. 

Because the usual modulation process is not linear, one must employ 
either special modulation techniques or apply negative feedback or 
predistortion. If predistortion is used, the d -c component must be 
inserted in the linearity- correcting circuits. 

The modulation characteristic displayed in Figure 2 is perhaps a 
little more curved than that of the average transmitter, but is, never- 
theless, typical of some transmitters. If the input signal represents 
definite steps or tones from light to dark with color information on 
each tone, it is clear that both the chrominance and luminance are 
altered by the curvature in the modulation characteristic. Although 
it may not be immediately obvious, the ratio of chrominance to lumi- 
nance, which is color saturation, is also altered and in a direction to 
reduce the saturation of bright colors. Bright colors are reduced in 
both luminance and saturation. 

With a test signal of the type shown, the variation in magnitude 
of the subcarrier pulses is called variation of differential or incre- 
mental gain. In this figure, the differential gain at white level is 
about 50 per cent of the differential gain at black level. With pre - 
distortion it is not difficult to adjust the over -all minimum differential 

gain to within 80 or 90 per cent of the maximum. 
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DIFFERENTIAL PHASE 

With reference to Figure 2, it is vital that the transmitter retain 
constant phase of the subcarrier within very close limits at all bright- 
ness levels. Since the receiver 3.58 -megacycle oscillator is synchronized 
by the burst at pedestal level, any phase shift at other brightness levels 
results in a distortion of hue. Generally, but not always, the phase 
shift or hue shift is greatest for bright colors such as bright yellow 
or flesh tones. 

This transmission characteristic is sometimes called "differential 
phase," or "phase- versus -amplitude characteristic," or "phase -ampli- 

MODULATION 
CHARACTERISTIC 

100Z(SYNC) 

75x(BLANWNG>- 
BLACK 

'111'1"111,. 
VIDEO INPUT 

- 

I2=%WHITE- 

Fig. 2 -Effect of nonlinear modulation characteristic on differential gain, 
and color saturation. 

tude," or "phase shift versus brightness," "phase intermodulation," 
or perhaps other terms. It is a new concept and will no doubt be 

officially defined in due course. 

EXTENDED AMPLITUDE RANGE 

Figure 3 shows several scales that are used to define picture levels 
in transmitter operation : a modified I.R.E. scale ; a scale based on 100 

per cent peak transmitter output; and a new scale which is coming into 
use for color which specifies black as zero and white as 100. The 
numerals showing luminance levels and peak levels on the color wave- 
forms are based on the latter scale. 

One hundred per cent saturated colors can not possibly be trans- 
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mitted without distortion because cyan and yellow call for overmodula- 
tion of the transmitter. Fortunately, 100 per cent saturated colors 
rarely appear in nature, and the output of a camera is more like the 
50 per cent saturated colors shown in Figure 3B. Even this calls for 
modulating the transmitter in the "whiter than white" and "blacker 
than black" regions. 

Figure 3C shows the prescribed waveform for saturated colors of 
75 per cent amplitude. This does not call for modulating the trans- 
mitter beyond reference white nor is the luminance range very great, 
and it is not a very severe test of the ability of the transmitter to 
transmit bright desaturated colors without distortion. Differenial 
phase and differential amplitude tests and tests using standard satu- 
rated color bars of 75 per cent amplitude are all important. 

0 

TRANSMITTER INPUT 
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BLACK 
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o 

TTT 4 
1 100 

261 
TI I 

L I 

0 
YELLOW CLIPPED AT WHITE SIGNAL AFTER BANDWIDTH 

LIMITATION 

B C 

Fig. 4- Waveform illustrating effect of nonlinearity in the ultra -white 
region 

EFFECT OF WHITE COMPRESSION 

Since it is necessary to transmit waveforms that extend beyond 
reference white, and since it is not practical to make the transmitter 
linear to zero output, it is interesting to consider the effect of non - 
linearity near zero output. Take the case of a 75 per cent saturated 
bright yellow that should modulate the transmitter to zero output. 
An exaggerated case of nonlinearity is a transmitter which clips com- 
pletely at reference white as shown in Figure 4. Since the harmonics 
of the subcarrier cannot be transmitted, the system would recover the 
waveform of Figure 4C. Here both the luminance and chrominance 
have been reduced, and the resulting color has 95 per cent of its 
original brightness and 80 per cent of its original saturation. Since 
this is an exaggerated case, it is evident that transmitter nonlinearity 
in the "whiter than reference white" range is not excessively harmful. 
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WHITE STRETCHING 

A nonlinear modulation characteristic is generally corrected by a 

nonlinear video amplifier having a complementary transfer charac- 
teristic. In spite of the fact that intervening circuits between the two 
nonlinear circuits exclude most of the subcarrier harmonics, the com- 

pensation turns out to be fairly good. 
Refer to Figure 5. The video signal is applied to a "white stretch" 

video amplifier (Figure 5A) . The harmonics of the distorted output 

381-. 
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89 C D 

38 -70 

90 

Fig. 5- Waveform illustrating effect of bandwidth limitation in the linearity 
correcting circuits. 

signal are discarded, leaving a sinusoidal signal larger than the orig- 
inal with the axis shifted toward white. This pre -emphasized signal 
is applied to the modulator (Figure 5B). The resulting waveform 
shown in this illustration actually represents the envelope of the 
modulated carrier, but it may also represent the video signal recovered 
by the receiver. Upon again discarding harmonics, the signal is modi- 
fied in amplitude and brightness as shown by the upper right -hand 
waveform. In the case of 60 per cent saturated cyan (Figures 5A and 
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B), the correction is perfect within the accuracy of graphical analysis. 
In the case of 75 per cent saturated yellow (Figures 5C, D), the pre - 
distortion tends to overmodulate the carrier. This generates harmonics 
in the receiver second detector, which are subsequently discarded, 
leaving a fundamental of slightly reduced amplitude. The net result 
is a slight loss of saturation for bright yellow. 

ENVELOPE DELAY REQUIREMENTS 

Figure 6 depicts the transmitter envelope delay characteristic and 
its tolerances as specified by the FCC. This specification implies that 
the transmitter will correct for its own phase errors and, in addition, 
will introduce predistortion for the high- frequency envelope delay of 
the average receiver occasioned by the rapid cutoff at the upper edge of 
the band from full response at 4.2 megacycles above carrier to a 
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Fig. 6-FCC signal specification of envelope delay (dashed lines represent 
tolerance limits). 

rejection of several thousand times at 4.5 megacycles above carrier. 
Another implication is that the receiver will either tolerate or correct 
for its own low- frequency phase errors. 

The object of the envelope delay specification is to obtain a time 
match between the luminance and chrominance information and to 
obtain the best waveform for sudden transitions in the chrominance 
and luminance channels. The delay characteristic deals with the fidelity 
of color edges and is not related to the broad -area color fidelity. It is 
also completely unrelated to the differential-phase problem. 

In order to obtain the specified envelope delay, delay equalizers or 
phase equalizers are required. The curves of Figure 7 show how the 
requirements for the phase equalizer are determined. The product of 
the receiver and the transmitter amplitude characteristics (Figure 7A) 
is the system amplitude characteristic (Figure 7C) . In the lower 
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video -frequency range the receiver phase characteristic is ignored and 
the system phase characteristic (Figure 7C) is taken to be the trans- 
mitter phase characteristic (Figure 7B). The phase of the envelope 

is determined by adding vectorially the carrier and sidebands (example 
shown in Figure 7D). The video phase (Figure 7E) is the same as 

the system envelope phase, and the slope of the video phase character- 
istic is the transmitter delay that must be corrected. 

Video predistortion is used to correct for imperfections in the r -f 
circuits but there is one limitation to this technique. The amount of 

correction that must be applied depends to a slight degree upon the 
receiver amplitude characteristic assumed because this determines how 
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Fig. 7- Curves illustrating development of phase equalizer specifications. 
(A) Amplitude- versus -frequency response of transmitter and receiver. 
(B) Phase -versus -frequency response of transmitter and receiver. (C) 
System characteristics of amplitude- versus -frequency and phase- versus- 
frequency. (D) Vector diagram illustrating relations between envelope 
phase and the phases of carrier and sidebands. (E) Derived system phase 

characteristic and envelope delay. 

much of the upper and lower sideband are added together to form the 
envelope. The correction cannot be perfect for every receiver. How- 

ever, the over -all results are satisfactory. 

DESCRIPTION OF PHASE EQUALIZERS 

Figure 8 illustrates the functional division of the circuits in a 
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Fig. 8- Functional division of circuits in a commercial phase equalizer. 

commercial phase equalizer. The low- frequency circuits are partly 
fixed and partly variable to accommodate a range of transmitter types 
and transmitter adjustments. 

The high- frequency phase equalizer contains two principal fixed 
sections. One of these has the delay specified by the FCC and it is 
switched into the circuit when all other sections of the equalizers have 
been adjusted to produce an over -all constant time delay. The "sound 
notch equalizer" is employed only when the transmitter makes use of 
a notch -type diplexer for combining aural and visual outputs. In prac- 
tice, a switch provides a choice of two networks for the notch equalizer 
having slightly different delay characteristics. 

Figure 9 is a simplified schematic diagram of the receiver equalizer 
portion of the high- frequency equalizer. This portion contains about 
20 per cent of the circuits of the high- frequency phase equalizer. 

Figure 10 shows front and rear views of the high- frequency phase 
equalizer. It contains one 5- position switch and a number of toggle 
switches for adding or removing sections of the equalizer to obtain 
the required delay characteristic. The low- frequency unit, which is 

our IN OUT IN 
O 

1 

4. ' I 
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Fig. 9- Simplified schematic of the phase equalizer section which furnishes 
equalization for standard receiver envelope delay. 
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considerably smaller, employs one 4- position switch for delay adjust- 
ments. 

CIRCUITS CONTRIBUTING TO DIFFERENTIAL PHASE SHIFT 

Most of the discussion thus far has dealt with the relation between 
color quality and certain transmitter characteristics, notably frequency 
response, linearity, and envelope delay. None of these are really new 
problems for the television engineer - they are actually little more 
than a tightening of the monochrome specifications. The new specifi- 
cations are not particularly hard to meet. 

On the other hand, the differential phase requirement is a new 
concept, and furthermore it is very difficult to carry out. The difficulty 
stems from the large -signal conditions that are encountered and the 

Fig. 10- High- frequency phase equalizer. 

nonlinear impedances that result. The problem is encountered in both 
video and r -f circuits. Two examples of video problems and two r -f 
problems are chosen to illustrate the point. 

Figure 11 represents a typical coupling circuit between a modulator 
and a modulated amplifier. The modulated amplifier draws some grid 
current when the video signal corresponds to black, but none when the 
picture is white. This loads the circuit at black level and alters the 
phase angle of the transfer impedance. The calculations tabulated in 
Figure 11 show a five -degree phase difference between black and white. 
One way to overcome this problem is to employ a very -low- impedance 
modulator such as a shunt -regulated video amplifier, and omit the 
coupling network. 

Other types of coupling networks will exhibit smaller changes in 
transfer impedance phase angle than the illustrated circuit. Aside from 
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the differential -phase problem, the circuit of Figure 11 sometimes 
causes the modulator or video amplifier to overload at the subcarrier 
frequency, since the input impedance of the network rises at fre- 
quencies close to the cutoff frequency. 

Figure 12 illustrates a video feedback amplifier wherein the loop 
gain changes from 5 near black level to 3.5 near white level. The inter - 
stage coupling networks in this example each have about 45° phase 
shift at the subcarrier frequency. In the diagram of the vector rela- 
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eLAC IC 3000 -49.4 
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Fig. 11- Circuit and tabulation to illustrate differential phase shift in coup- ling network between modulator and r -f modulated amplifier. 

tions between the various potentials acting in the feedback circuit, 912 
represents the phase shift between input and output terminals. When 
the loop gain changes, the phase shift between input and output be 
comes 9'12. In this example the differential phase shift at subcarriei 
frequency is 5 degrees. 

The amount of differential phase shift can be reduced by increasins 
the feedback, making the high -level stages more linear by individus 
stage feedback or increasing the static current, by reducing the circus 
phase shift before feedback is applied, or by a combination of all o 
these techniques. 

Figure 13 illustrates an r -f problem and shows the relation between 
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incidental phase modulation of the carrier and differential phase shift 
of the r -f envelope. 

There are a number of ways in which a certain amount of incidental 
phase modulation of the carrier can take place, such as transit -time 
effects, residual feedback or feed through of r -f energy in an amplifier, 
or reaction on the r -f driver from a modulated amplifier or linear 
amplifier. Incidental phase modulation of the carrier results in differ- 
ential phase shift of the envelope for single sideband operation, but 

E1 
EG 

FEEDBACK, 

EG 
RELATIVE SIGNALS WITH Ei 

HELD CONSTANT 

BLACK WHITE 

LOOP GAIN 5 3.5 ( -30B) 
LOOP PHASE SHIFT 90 90 

012 -- - - - - - - 12 17 

AO 5 APPROX. 

1 

E1 E1 EG 

E2 E2 
RELATIVE SIGNALS WITH EG HELD CONSTANT 

Fig. 12- Circuit, tabulation, and vector diagrams to illustrate differential 
phase shift in feedback video amplifier. 

the relation between cause and effect is not obvious. The problem has 
been analyzed mathematically.1 

Figures 13A and B are familiar representations of amplitude modu- 

lation and phase modulation except that, for simplicity, only the first - 
order phase -modulation sidebands are shown. Figure 13D represents 
simultaneous amplitude and phase modulation (such as incidental phase 
modulation) and is a combination of diagrams A and B. The envelope 

reaches a maximum at the instant when the carrier and sidebands add 

to form the vector oa. The envelope minimum is the resultant oa'. 

If only one sideband is present the envelope reaches a maximum when 

1 Unpublished analyses have been :rade by both G. L. Fredendall, RCA 
Laboratories, Princeton, and W. N. Parker, RCA Tube Division, Lancaster. 
The vector diagrams shown in Figure 13 are those of Parker. 
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the carrier and sideband add to form the vector ob. The single side - 
band case is diagramed in Figure 13C although the same information 
appears in the more cluttered diagram D. 

The angle 9 formed between loci aa' and bb' is the difference in 
phase between the double -sideband and single-sideband envelopes. It 
could be argued that the double -sideband envelope (ignoring phase 
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Fig. 13- Diagrams to illustrate relation between incidental phase modula- 
tion and vestigial sideband envelope differential phase. (A) Relation be- 
tween carrier and sidebands for amplitude modulation. (B) Relation be- 
tween carrier and first -order sidebands for phase modulation. (C) Relation 
between carrier, sideband, and envelope for single -sideband operation. (D) 
Relation between carrier, sidebands, and envelope for double -sideband and 
for single -sideband operation. (E) Amplitude and phase modulation char- 
acteristic and the phase of the single -sideband envelope (video phase). 

(F) Polar diagram of amplitude and phase modulation characteristic. 

shift due to the associated circuits) is in phase with the modulating 
signal so that that 9 also represents the phase shift between the single - 
sideband envelope and the modulating signal. 

The envelope phase, per se, is of no special significance, but it is de- 
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sired that the envelope phase be independent of the picture brightness. 
The remaining two diagrams, Figures 13E and F, show that the 
envelope phase B, is a function of the transmitter phase modulation 
characteristic and, in the general case, the envelope phase is a function 
of the picture brightness. 

Figure 13E, by way of example, postulates an amplitude and an r -f 
phase modulation characteristic. The same modulation characteristic 
is plotted in polar form in Figure 13F. Application of the arguments 
developed for diagram D indicates that the single -sideband envelope 
phase (9), for small modulating signals (low amplitude of color sub - 
carrier) , is the angle formed between the radial and the tangent at 
each point on the polar plot of the modulation characteristic. For the 
example chosen, angle 6, was obtained graphically at a number of 
brightness levels. Angle 9 was then plotted as "video phase" in 

Figure 13E since this is the phase of the subcarrier that would be 
recovered from a vestigial sideband demodulator. In this example the 
differential phase shift from black to white is 8 °. To simplify the 
geometric construction, a larger value of incidental phase modulation 
was chosen for the example than would normally be encountered. 

In the discussion above, the differential phase shift resulted from 
the modulation process and subsequent elimination of one sideband, 
and was not a result of circuit phenomena. Coupled circuits loaded 
by the nonlinear impedance of an amplifier can introduce additional 
trouble. 

Figure 14 shows a coupled circuit loaded by a grounded -grid linear 
amplifier. The tube chosen for this example has an input impedance 
of 70 ohms at black level and 100 ohms at white level. If the modulated 
amplifier has a high plate resistance and does not load the circuit, the 
amplitude and phase of the transfer impedance is as shown in the 
lower diagram. The single -sideband envelope is the beat between 
carrier (Fo) and subcarrier (Fi) and the envelope phase is the differ- 
ence between the r -f phases of the circuit at these two frequencies. 
This varies as the level changes from black to white with an accom- 
panying change in circuit loading. In the tabulation shown in Figure 
14, the differential phase shift turns out to be 17 °. 

In practice, a single linear amplifier never produces as much as 17° 

of differential phase shift. Occasionally it may be as high as 10 °, but 
often it is too small to measure. The actual circuit is a great deal 
more complicated than the simplified case used in the example. The 
plate resistance of the modulated amplifier is not negligible, and is a 
function of signal level. Often the modulated amplifier and linear 
amplifier are physically separated by a distance of several feet, and 
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the interconnecting transmission line and its coupling network play 
the role of middle circuit in a triple -tuned coupled circuit. The circuits 
may not be synchronously tuned. These complications make an accu- 
rate analysis difficult. 

The variation in frequency response that results from the changing 
circuit loading has a direct effect on the picture quality in addition 
to the associated differential phase shift. The ratio of chrominance 
to luminance or color saturation is altered as a function of brightness. 

MODULATED AMP 
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.6 
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Z2 -- 70 100 

(0,- 0°) -66 69 
AO= 17° 

Fig. 14- Circuit diagram, impedance diagrams, and tabulation to illustrate 
differential phase shift of the single -sideband envelope in coupling networks 

for linear amplifiers. 

This is not corrected by the white -stretch circuit, for although the 
latter can be set to give constant differential gain for any particular 
modulating frequency, it will not do so for all frequencies simultane- 
ously. The variation in frequency response shown in Figure 14 (about 
2 decibels from black to white) is approximately the maximum that 
has been observed in practice, and this has not been found to be 
particularly harmful. 
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AUXILIARY APPARATUS FOR COLOR BROADCASTING 

Figure 15 is a block diagram of the auxiliary apparatus and monitor- 

ing arrangement for color broadcasting. A bridging amplifier is used 

for monitoring the input unless the input signal apparatus provides its 

own monitoring output. Isolation amplifiers are used to obtain good 

sending -end and receiving -end termination of the phase equalizers. 

Transmitter linearity correcting circuits (white stretch) are built into 

the stabilizing amplifier. 
The white -stretch circuit in the color stabilizing amplifier consists 

of several diodes shunted across the unbypassed cathode resistor of a 
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Fig. 15 -Block diagram of transmitter, auxiliary apparatus, and monitor- 
ing equipment for color -television broadcasing. 

video amplifier. A driven clamp circuit restores the d-c component at 
the grid of the amplifier. In series with each diode is a resistor and 

some fixed bias. When the diode conducts, it connects its associated 
resistor across the cathode resistor of the video amplifier thereby 
increasing the differential gain. The bias on each diode can be ad- 

justed to start conduction at a desired brightness level. By indi- 

vidually adjusting the bias and series resistor for each diode, a variety 
of gain -versus- brightness curves can be obtained. Adjustable capaci- 

tors are connected across the resistors associated with the diodes to 

keep the phase angle of the network constant as the resistors are added 

or subtracted by the action of the diode. 
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It is necessary to use a vestigial sideband demodulator for monitor- 
ing and therefore the output picture must be compared with the input 
picture in order to achieve its most effective monitoring. Intermediate 
monitoring points contain a certain amount of predistortion. The 
diode in the position shown might given an acceptable picture, but it 
will be low in chroma because the lower sideband is largely suppressed, 
and it will not be possible to judge, by monitoring with a diode, whether 
the transmitter is attenuating the subcarrier. 

In addition to the external auxiliary apparatus, a "clamp softening" 
circuit must be added to any transmitter that employs driven clamp 
circuits to prevent these circuits from reducing the amplitude or 

VIDEO AMP 

CLAMP 
CIRCUIT 

MOD. 

DAMPED "- SELF RESONANT T CHOKE - - J 

J ` V 
Fig. 16- Schematic diagram of "clamp softening" circuit. 

affecting the phase of the synchronizing burst. The clamp softening 
circuit may simply be a resistor (e.g., 10,000 ohms) in series with 
the clamp circuit or, preferably, a network that has a high impedance 
at 3.58 megacycles and a low impedance at lower video frequencies. 
One arrangement commonly employed is shown in Figure 16. 

TRANSMITTER ADJUSTMENTS 

Transmitter adjustments normally made in order to meet the per- 
formance specifications for color broadcasting are: 

1. Frequency response (and simultaneous adjustment for normal 
power output) . 

2. Linearity. 
3. Differential phase (if there is an adjustment for this). 
4. Envelope delay. 
The adjustments should be performed in the order listed. Adjust- 
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ments of the tuned circuits to obtain proper frequency response, while 

simultaneously achieving normal peak power, will determine the operat- 

ing conditions for the tubes and consequently determine the video 

signal level and the degree of linearity. Linearity correction and 

differential phase correction should be adjusted next. Finally, the 

delay equalizers are adjusted. The delay equalizers are passive net- 

works and will not affect previous adjustments that have been made. 

A sideband- response analyzer is the most satisfactory test instru- 

ment to enable frequency- response adjustment. Figure 17 shows the 

kind of display obtained when employing the sideband- response an- 

Fig. 17- Sideband response analyzer presentation of transmitter frequency 
response. 

alyzer. The large spike is the carrier. The small spike is the 4.5- 

megacycle marker. The 5- megacycle high- frequency cutoff is produced 

by the video amplifier and the 1- megacycle cutoff below carrier is 

produced by the vestigial sideband filter. The dip near carrier may 

be imperfect neutralization of the modulated amplifier or it may be a 

poor tube in a video amplifier somewhere in the system - one with 
high cathode interface resistance. 

The response from 1 to 4.5 megacycles is more uniform in this 
example than required, and should not be emulated in ordinary operat- 
ing practice. The response shown by the dotted line of Figure 1D is 

more typical. 
Adjustments of linearity, differential phase, and one method of 

adjusting envelope delay require test equipment that has been devel- 
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oped especially for color television. A description of such apparatus 
is outside the scope of this paper, but a very brief mention will be 
made of the application of these instruments to transmitter adjust- 
ments. 

The linearity is adjusted using a linearity checker (stair -step 
generator with superimposed subcarrier) . The differential phase is 
adjusted using the linearity checker in combination with a color -signal 
analyzer (basically a subcarrier phase detector and some adding 
circuits) . For both of these tests a diode demodulator or a vestigial 
sideband demodulator may be employed. A diode demodulator is pre- 
ferred because of its greater simplicity and smaller chance for con- 
tributory nonlinearity or phase error. If the diode is employed for 
differential phase measurements, it should be applied at a point in the 
system (e.g., after the vestigial sideband filter) where the frequency 
-3.58 megacycles (below visual carrier) is suppressed. This is neces- 
sary in order to include in the measurements the effect of any incidental 
phase modulation. 

There is one fairly obvious precaution to be observed in the use of 
a diode demodulator for performance measurements involving the color 
subcarrier. Since one sideband is excluded and the carrier is at full 
amplitude, the degree of modulation will appear to be suppressed by 
6 decibels. This should be taken into account when adjusting the sub - 
carrier amplitude in the linearity checker. 

Once the system linearity has been adjusted by predistorting the 
video signal, the gain control between the white stretcher and the 
transmitter modulator should not be adjusted except to correct for 
drift in gain of the intervening video stages. If the incoming video 
level changes, the correcting gain adjustment must be made by a 
control ahead of the white stretcher. 

PHASE EQUALIZER ADJUSTMENT 

The final adjustment - adjustment to the prescribed envelope delay 
characteristic - can be made using either an envelope delay sweep 
generator or a square -wave generator. The former has the advantage 
that a direct reading is obtained of the system envelope delay and it is, 
therefore, possible to prove compliance with the FCC performance 
specification except at low video frequencies. It is also a more sensitive 
means of adjusting high- frequency envelope delay. The square -wave 
generator method will result in better low- frequency delay adjustment, 
but it does not give a quantitative measure of the envelope delay. 

Using an envelope delay sweep and employing a diode detector after 
the vestigial sideband filter, the phase equalizers can be adjusted to 
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give a constant system time delay for frequencies between 2 and 4.2 

megacycles. Although there is no doubt as to the soundness of this 
procedure, in practice it is difficult to adjust the high- frequency delay 

when the low- frequency reference is missing. 
For low- frequency delay adjustment, a vestigial sideband demodu- 

lator must be used, and it must be well corrected for its own low - 

frequency phase error. The vestigial sideband demodulator would also 

be more convenient than a diode for high- frequency delay adjustment, 
but it would have to have either constant time delay within ±.02 micro- 

second to 4.2 megacycles (this can be approached with sound traps 
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B 

D 
Fig. 18 -100- kilocycle square -wave response of transmitter and vestigial 
sideband demodulator. (A) Uncorrected response. (B) Rapid scan (.05- 
microsecond markers) of uncorrected response. (C) Response after adjust- 
ment of phase equalizers. (D) Rapid scan (.05- microsecond markers) of 

equalized response. 

switched out) or would have to match very closely the inverse of the 
FCC transmitter delay specification. 

Figure 18 illustrates the use of a square -wave generator in adjust- 
ing the phase equalizers for best system envelope delay. Figure 18A 

is the uncorrected response. Figure 18B is the same, but scanned more 

rapidly and with 0.05- microsecond timing dots superimposed. Figure 
18C is the corrected response after making phase equalizer adjustments, 
and Figure 18D is the fast sweep presentation of the corrected re- 
sponse. The leading transient and the trailing smear in Figures 18A 

and B are due to low- frequency phase errors in the transmitter. The 
high- frequency ringing is due to the 4.5- megacycle cutoff of the de- 

modulator. 
It is evident from Figures 18C and D that most of the low- frequency 

distortion is corrected. The residual low- frequency distortion may be 
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the uncorrected low- frequency phase error of the demodulator, or 
imperfect low- frequency amplitude response. The high- frequency ring- 
ing is reduced two -to -one in amplitude and is now symmetrical about 
the transition which is the proper condition when there is no phase 
distortion. 

In these tests it is important to keep the depth of modulation low 
in order to minimize the disturbing influence of quadrature components. 

Although the square -wave response is not greatly altered by con- 
siderable change in the adjustment of the high- frequency phase 
equalizer, one should not jump to the conclusion that high- frequency 
equalization is unimportant. The 100- kilocycle presentation is a good 
measure of the performance in the luminance channel only. 

To obtain an equally reliable indication of transient response in 
the chrominance channel, it would be necessary to modulate a 3.58 - 
megacycle subcarrier with a 100 -kilocycle square wave to form a new 
test signal. The output of the regular demodulator would be followed 
by a synchronous detector to recover the initial 100 -kilocycle square 
wave. Under these conditions, adjustment of the high- frequency 
equalizer would probably be as critical as adjustment of the low - 
frequency equalizer for the tests described in the preceding paragraphs 
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Summary -This paper presents new data on interface effects in com- 
mercial tubes and points up the complex nature of interface layers. Con- 
siderable stress has been placed on the latter because of its bearing on 

practical interface measurements. Certain precautions to be observed in 
making interface -resistance measurements have been suggested in the hope 
that the observation of these precautions may enable various workers in 
the field to obtain consistent and comparable results. Finally, the paper 
reports some exploratory experiments to determine the possible physical 
mechanisms which may lead to the observed complex behavior of a 

2BaOSiO, layer in contact with a metal and Ba0 or Ba0 SrO. These 
experiments have not been carried to the point where they yield definitive 
results. They have been included so that the results may be available to 

others. 

INTRODUCTION 

N the course of studies of the oxide cathode, it has been necessary 
to separate out the various mechanisms which contribute to the 
over -all behavior of the diodes in which the cathodes have been 

studied.1"2 One of the separable effects is the high -speed ten -volt 

effect,3 which is an anode effect, yet is easily confused with certain 
cathode effects. A second separable effect is that due to an insulating 
layer which may form at the interface between the base metal and the 
oxide of a cathode. No major effort has been devoted to either of these 
effects. They have been pursued until they were sufficiently understood 
so that their presence was easily recognized and their contribution to 
diode behavior could be separated out from the effects due to the 
oxide of the cathode. In the case of the interface layer, a simple 

circuit for measurement of the layer impedance was devised, the 
impedances of a substantial number of tubes were measured, and life 

' Decimal Classification : R331.5. 
1 R. M. Matheson and L. S. Nergaard, "Decay and Recovery of the 

Pulsed Emission of Oxide -Coated Cathodes," Jour. Appl. Phys., Vol. 23, 
pp. 869 -875, August, 1952. 

2 L. S. Nergaard, "Studies of the Oxide Cathode," RCA Review, Vol. 
XIII, pp. 464 -545, December, 1952. 

8 R. M. Matheson and L. S. Nergaard, "High -Speed Ten -Volt Effect," 
RCA Review, Vol. XII, pp. 258 -268, June, 1951. 
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test data to determine the rate of growth of interface impedance is 
still being accumulated. In quite another connection, some of the elec- 
trical properties of barium -orthosilicate (2BaO SiO2) were measured.2 

In view of the practical importance of the interface layer and 
the widespread interest therein, it seems worthwhile to report on the 
information accumulated. It has also been noted that some of the 
various methods used to measure interface impedance do not yield 
like results when applied to the same tubes. Study at these laboratories 
of the electrical properties of 2BaO SiO, suggests an explanation of the 
observed discrepancies and points to the precautions which must be 
taken if the various measurements are to yield consistent and coherent 
results. 

REVIEW OF INTERFACE LITERATURE 

The presence of, and to some extent the importance of, interface 
layers was first recognized by Wehnelt in about 1905. Somewhat later 
Arnold; observed a platinate interface layer on the platinum- iridium 
filaments he was using. In 1940, Rooksby5 published the results of 
his X -ray studies of interface compounds. He identified a number of 
compounds including 2BaO.SiO_ which has been the subject of much 
further study. In 1946, Fineman and Eisensteinc reported silicate 
interface layers in oxide -coated cathodes and described interface re- 
sistance measurements under pulse conditions. In 1949, Eisenstein?.8 
published an extensive paper on barium -orthosilicate interface layers. 
His paper describes the effect of such layers on cathode sparking and 
on cathode resistance. It also shows the rate at which the thickness of 
the layer increases on a cathode with 5 per cent silicon in the nickel 
base metal, and gives extensive data on the conductivity of 2BaO-Si02 
and its temperature dependence. 

About 1949, it became apparent that tubes in computer and time - 
division- multiplex service were failing at an early stage of life. It 
further appeared that the tubes that failed had been operating under 
very -low -duty conditions. The failures were soon correlated with the 
silicon content of the base metals used in the cathodes of these tubes, 
hence with 2BaO.SiO., interface layers. At the 1950 Conference on 

' H. D. Arnold, "Phenomena in Oxide- Coated Filament Electron Tubes," 
Phys. Rev., Vol. 16, pp. 70 -82, July, 1920. 

s H. P. Rooksby, "Applications of X -ray Technique to Industrial 
Laboratory Problems," Jour. Royal Soc. Arts, Vol. 88, pp. 308 -336, 1940. 

6 A. Fineman and A. Eisenstein, "Studies of the Interface of Oxide 
Coated Cathodes," Jour. Appl. Phys., Vol. 17, pp. 663 -668, August, 1946. 

7 A. Eisenstein, "Some Pi operties of the Ba_SiO, Oxide Cathode Inter- 
face," Jour. Appl. Phys., Vol. 20, pp. 776 -790, August, 1949. 

ê The chemical formula for barium orthosilicate is written 2BaOSiO, 
by some authorities, Ba,SiO, by others. 
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Physical Electronics, several papers on the interface problem were 

presented. 
In 1951, Waymouth9 and Eisenstein10 published further studies of 

interface layers and their effects on the performance of tubes in prac- 
tical circuits. In the same year Bounds and Briggs" published a 

paper on the nickel alloys used for oxide cathodes and described the 
effect of the alloying materials on cathode performance.12 

SOME ELECTRICAL PROPERTIES OF BARIUM ORTHOSILICATE 

A considerable number of interface materials is known - tungstites, 
platinates, silicates, and titanates, for example. Of these, 2Ba0-Si02 
has the lowest conductivity and is therefore of most practical concern. 
These compounds are formed by residues of the reducing agents used 

to free the base -metal nickel from oxide, or by small amounts of specific 

reducing agents added to the base metal in controlled amounts to 
achieve easy activation and long life of the cathode.1L13 The reducing 
agents diffuse out of the base metal and react with Ba0 to form the 
various interface compounds. For example, silicon diffuses out of the 
nickel and reacts with Ba0 to form silica and "excess" barium accord- 
ing to the equation 

Si + 2Ba0 - Si02 -f- 2Ba 

The silica reacts with Ba0 to form the silicate 

2Ba0 -}- Si02 ± 2BaOSi02 

The complete reaction has two effects, (1) it produces excess barium 
which is desirable because it makes the cathode more active, and (2) 
it produces an insulating material which impairs the performance of 

the cathode. 

9 J. F. Waymouth, Jr., "Deterioration of Oxide Coated Cathodes Under 
Low Duty- Factor Operation," Jour. Appl. Phys., Vol. 22, pp. 80 -86, Janu- 
ary, 1951. 

10 A. Eisenstein, "The Leaky Condenser Oxide Cathode Interface," 
Jour. Appl. Phys., Vol. 22, pp. 138 -148, February, 1951. 

11 A. M. Bounds and T. H. Briggs, "Nickel Alloys for Oxide -Coated 
Cathodes," Proc. I.R.E., Vol. 39, pp. 788 -799, July, 1951. 

12 In the past few years, interface problems have received attention 
at a number of conferences, for example, at the Conference on Electron 
Tubes for Computers at Atlantic City, N. J., December 11 -12, 1950 and at 
the technical session on "Recent Developments in Electron Emitters" of the 
AIEE General Winter meeting in New York, January 21 -25, 1952. Recent 
papers seem chiefly concerned with measurement methods and accumulated 
life -test data to which reference is made in a later section. 

13 H. E. Kern and R. T. Lynch, "Initial Emission and Life of a Planar - 
Type Diode as Related to the Effective Reducing Agent Content of the 
Cathode Nickel," Phys. Rev., Vol. 82, p. 574, May 15, 1951. 
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The rate at which the interface layer forms is determined by the 
concentration of the reducing agent in the base metal, its diffusion 
through the base metal, the rate of the reaction between the reducing 
agent and the oxide, and perhaps by the rate at which one of the re- 
actants can diffuse through the layer already formed. Eisenstein 
found that the silicate layer formed on a cathode having 5 per cent 
silicon in the nickel base reached a thickness of about 2 X 10 -3 centi- 
meter when operated at 1125° K for 100 hours.? Just how the apparent 
resistance of the layer depends on its thickness is not completely re- 
solved. However, the experiments next considered suggest that the 
apparent resistance does not show a simple linear increase with 
thickness. 

A sample of 2BaOSi02 was prepared by firing barium oxide and 
silica in ortho proportions at 1630 °K until the reaction was complete. 

2 

PT 

ELECTRODE I 
PT 

PT RING ELECTRODE 2 

Fig. 1- Cylindrical sample of 2Ba0SiO, (Sample XXV -51) with platinum 
electrodes for resistance measurements. 

The sample was a cylinder, % inch in diameter and 1/2 inch long. This 
cylinder was provided with platinum electrodes on its ends and a 
platinum "probe" ring about 1/16 inch from one end of the sample, as 
shown in Figure 1. These electrodes were painted and then fired on. 

The first measurement made on the barium -orthosilicate cylinder 
was a measurement of the current decay under constant -voltage con- 
ditions. Such a decay curve is shown in Figure 2. It was obtained 
with the sample at 1210 °K, with 100 volts applied across the sample 
in 1.5- second pulses at a repetition rate of 1/3 cycle per second. The 
initial current is 220 microamperes and the current decays to about 7 
microamperes in 0.1 second. The decay is not exponential, but accords 
with the Sproull decay formula14 up to about 4 X 10 -2 second. Beyond 
4 X 10 -2 second there is a very slow downward drift not found in the 
Sproull formula. The Sproull formula was originally derived on the 
assumption that current decay in the oxide cathode results from the 

14 R. L. Sproull, "An Investigation of Short -Time Thermionic Emission 
from Oxide Coated Cathodes," Phys. Rev., Vol. 67, pp. 168 -178, March 1 
and 15, 1945. 
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electrolytic transport of barium from the emitting surface. The 
observation of Sproull decay in the present experiment suggested that 
a similar mechanism might be operating, and that if some constituent 
of the silicate were transported electrolytically, the voltage distribu- 
tion along the sample would not be linear. Accordingly, the voltage 
drops from electrode 1 to the platinum ring and from the platinum 
ring to electrode 2 in Figure 1, with current flowing from end to end in 

the sample, were measured. Electrode 2, which is closest to the ring, 
was positive. It was found that at higher temperatures the major 

2Bo0Si02 
300 SAMPLE XXV - 51 

r= 1210 °K 
E =100 volts 

PULSE LENGTH - 1 5 sec 
REP RATE -1/3 cycle /sec. 

200 
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0104 

I 1 I I 

o 

--r-._ 
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t- SECONDS 

Fig. 2-The decay of current with time in sample XXV -51 of 2BaOSiO, 
on application of a "unit- function" voltage. 

fraction of the voltage drop occurred near the positive end. For 
example, at about 600 °K only 5 volts out of 46 volts appeared between 
electrode 1 and the platinum ring. It appears that there is a depletion 
of some constituent at the positive end of the sample which raises the 
resistivity near the end. The behavior is similar to that observed 
earlier in a "Pyrex" glass sample at elevated temperatures.2 The 
thickness of the depletion layer in the glass sample was measured and 
was found to be about 10 -6 centimeter. The resistances of the silicate 
between electrode 1 and the ring (the "bulk resistance ") and between 
the ring and electrode 2 (the "depletion layer resistance ") were 
measured as a function of temperature from 700 °K to 1100 °K. The 
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bulk material shows an activation energy of about 0.80 electron -volt, 
the depletion layer an activation energy of about 1.2 electron -volts. 

It now seems clear that the resistance of 2BaOSi0_, layer is not 
proportional to the thickness of the layer. Hence the thickness of a 
layer is not a simple measure of the resistance the layer will display. 

In studies of the oxide cathode, It was found that the peak pulse 
current which may be drawn from an oxide cathode is a decreasing 
function of duty. Because the 2BaOSi0_, sample, like the oxide cathode, 
displays Sproull decay, it was thought that the silicate sample might 

20 
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2 BaO Si02 
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T.1210 °K 
E =100 VOLTS 

PULSE REPETITION RATE IOOCPS 

L 
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Fig. 3 -The initial and final pulse currents in sample XXV -51 
of 2BaOSiO, as a function of duty. 

display a similar behavior with duty. Figure 3 shows data exploring 
this possibility. The silicate sample was operated at 1210 °K with 
100 -volt pulses applied at a repetition rate of 100 cycles per second. 
The duty was varied by varying pulse length. The initial current 
(II in Figure 3) , disregarding the initial spike, showed no marked 
change with duty (the initial spike and narrow part of the inverse 
spike were traced to stray capacitance in the measuring circuit) . The 
final pulse current shows a marked dependence on duty. 

Because an oxide cathode and the 2BaOSi09 sample both show 
Sproull decay and exhibit depletion layers, it is of interest to inquire 
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why they differ in their behavior with respect to duty. An examination 
of the conditions of measurement for the two cases shows that the 
measurements were not made in the same way. The measurements on 

oxide cathodes were made in diodes. Hence, any polarization voltage 
developed in the cathode by current flow is impressed across the 
cathode anode space in such a direction that no conduction current 
can flow through the external circuit during the off period. In the case 

of the silicate sample, the circuit was such that a depolarizing current 
could flow through the external circuit. The negative transient sub- 

sequent to the pulse may be such a depolarizing current. It has a height 
which is proportional to the total charge passed through the sample 
during the pulse, a behavior one associates with depolarization. Hence, 
it is possible that both would behave similarly under similar conditions 
of measurement and that the peak pulse current of the silicate sample 
would be a function of duty if no conduction current could flow through 
the external circuit between pulses. Unfortunately, the silicate sample 

was factured and such a measurement cannot now be made. 
It is tempting to assume that 2BaOSi02 is an impurity semicon- 

ductor and that the observed decay and voltage distributions result 
from an electrolysis of donors away from the positive boundary. If 
this assumption is made and if it is further assumed that the donors 
are similar to those in BaO, then the results of the foregoing experi- 
ments and the results of the experiments now to be described can be 

accounted for in a simple and coherent manner. 
In the experiments described above, the measured resistances were 

very high -much higher than those observed in cathodes. It is believed 
that this occurs because the electrodes in the present tests were of 

platinum whereas the positive electrode in a cathode is Ba0 or 
(BaSr) O. Explicitly, and in terms of the model above, it is believed 

that donors can diffuse and electrolyze from the oxide into the silicate. 
Such diffusion and electrolysis can produce two effects: 

(1) It can inhibit the formation of a depletion layer so that the 
apparent resistance of the interface layer is greatly reduced. 

(2) It can increase the donor density in the interface layer so 

that the bulk resistance is reduced. 
The following observations bear on these consequences of the 

electrolytic model and are interpreted in terms of the model. 
It is observed that tubes which have aged without plate current 

show a much higher interface resistance than tubes which have aged 
in presence of substantial plate current. This observation suggests 
that the equilibrium distribution of donors between the oxide and the 
silicate is such that the silicate is relatively inactive. It is also observed 
that tubes which have aged without plate current show a marked 
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decrease of interface resistance when current is drawn for even 
moderate periods of time. The decrease of resistance is not permanent 
and the resistance increases as the cathode is aged without current. 
An example of this behavior is shown in Figure 4. This data pertains 
to three 6SN7 -GT tubes which had interface resistances of 750, 330, 
and 93 ohms, respectively, measured at an anode current of 4 milli- 
amperes. After the interface resistances had been measured, each of 
the tubes was operated at an anode current of 20 milliamperes for one 
minute after which the current was restored to 4 milliamperes and 
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Fig. 4 -The reduction of interface resistance as a function of time after passing excess current through the interface. 

the interface resistance was measured as a function of time. The 
initial readings were obtained within 15 seconds after restoring the 
anode current to 4 milliamperes. The reduction in resistance immedi- 
ately after drawing excess current, and the reduction in resistance 
after the first hour of aging at 4 milliamperes versus the initial inter- 
face resistance are plotted in Figure 5. The initial reduction in 
resistance is proportional to the initial resistance, approximately. The 
reduction after an hour of aging is proportional to the square of the 
initial resistance, approximately. The curves in Figure 4 show a slow 
upward trend after the initial rise. The data was extended for another 
seven hours for the uppermost curve. The resistance remained at about 
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300 ohms over this period. It appears that drawing excess current 
produces an activation of the interface layer which persists for at 
least a few hours. This behavior can be interpreted in terms of an 
electrolysis of donors into the interface layer by the excess current 
and a loss of donors by back diffusion when the current is small. 

Whatever the details of the physical mechanism which leads to the 
behaviors described above, certain precautions to be observed in 

making measurements of interface resistance are indicated : 
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Fig. 5 -The initial reduction in interface resistance and reduction in re- 
sistance after aging for an hour at 4.0 milliamperes plate current as a 

function of the resistance before passing excess current. 

1. Measurements should be made at average currents comparable 
to those used in the aging processes if the measurements are not to 

change the quantities being measured. 
2. If measurements are to be made at a specified current, adequate 

time for the realization of equilibrium must be provided. 
3. Because the apparent resistance is a function of duty, all 

measurements must be made at the same duty if they are to show a 

simple correlation. 
When interface layers are subjected to pulse operation, one or more 

short -time decays are observed. The time constants of these decays 
are of the order of 0.5 -2 microseconds. These time constants appear 
to be more or less independent of the actual interface resistance. 
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Hence, it is difficult to account for them in terms of simple capaci- 
tances. It seems likely that the apparent capacitances are associated 
with an electronic or ionic blocking layer. It may be noted in passing 
that the dielectric constant of 2BaOSiO2 was measured by the immer- 
sion method using an acetone -benzene dielectric. The value was found 
to bee =12.4. 

The time effects described above may be represented approximately 
by the simple equivalent circuit shown in Figure 6. In the figure the 
diode represents the emitting surface, the interelectrode space and 
the anode of the actual diode. The electrical network represents the 
internal behavior of the cathode. Ro, R1, and C1, in combination, have 
a time constant of the order of 10 -3 second, hence the combination 
represents the polarization mechanism which yields the slow decay. 
In the representation of practical tubes, R1 is usually of the order of 
5 -10 times Ro. R0, R1, and C2 in combination have a time constant 

Fig. 6 -The equivalent circuit of a diode having an interface layer. The 
diode is presumed to satisfy the Child- Langmuir law. 

of the order of 1 microsecond, and hence represent the short -time- 
constant mechanism which is characteristic of interface layers. The 
circuit element which distinguishes the effect of an interface layer 
from other cathode effects is C2. More detailed equivalent circuits are 
discussed elsewhere.'5 

The above equivalent circuit uses linear circuit parameters. This 
is an approximation as is apparent in the form of the current decay. 
If the decay effects are due to a depletion layer, the apparent resistance 
and capacitance are not linear. If the interface layer is thin and of 
low conductivity and if no depletion effects are apparent, the layer 
will act as a rectifying blocking layer with an exponential current - 
voltage characteristic. In neither case can the apparent circuit param- 
eters be matched by linear circuit elements over an extended current 
range. 

15 R. M. Matheson and L. S. Nergaard, "A Bridge for the Measurement 
of Cathode Impedance," scheduled for publication in RCA Review. 
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INTERFACE -MEASUREMENT METHODS 

A variety of methods has been used to measure interface resistance 
in tubes. Some of these methods will be described briefly. Their ap- 
parent relative merits will be outlined. 

a. Simple Pulse Methods 

In the simplest version of the pulse method, a constant -voltage pulse 
of about 10 microseconds duration is applied to the anode of the diode 
whose interface resistance is to be measured and the current decay 
is observed on an oscilloscope. The leading edge of the pulse should 
be steep enough so that there is no substantial decay during the time 
of application of the pulse, and the oscilloscope should have a band- 
width adequate to display the pulse accurately. The initial and final 
currents are determined from the oscilloscope display. If the current 
decay is small enough so that the diode impedance does not change 
appreciably with the change in current during decay, the decay may 
be regarded as due to the gradual insertion of the interface resistance 
in series with the cathode return. Hence, the interface resistance is 

1 1 

lo 

in which E is the applied voltage, lo is the initial current, and I. is 
the final current. If the decay is substantial, the change in diode 
impedance must be taken into account. 

An alternative is to use a constant -current pulse and to display the 
voltage across the diode on an oscilloscope. In this case, the voltage 
rises from an initial value Vo to a final value of V.. Because the diode 
resistance remains constant, the interface resistance is simply 

Ri = 
V-Vo 

I 

in which I is the pulse current. 
In the case of multielectrode tubes, the tubes are usually diode 

connected, i.e., all of the grids and anode are tied together. The 
alternative is to connect a multielectrode tube in its normal amplifier 
connection, drive the control grid with a constant -voltage pulse and 
observe the voltage pulse across the plate load. Because the interface 
resistance appears in the cathode circuit, it degenerates the transcon- 
ductance of the tube. If gmo is the transconductance of the tube in 
the absence of interface resistance and Ri is the interface resistance, 
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the apparent transconductance is 

gmo 
gm 

1 + gmflRi 

This is the transconductance which is observed after pulse decay is 
complete or at frequencies low enough that the interface resistance is 
not shunted out by the apparent interface capacitance. In a high -µ 
tetrode or pentode, the voltage across the plate load at the beginning 
of a constant voltage pulse is 

Vo gmoRpVY 

and after decay is complete is 

V.- gmRPV0 

where Rp is the plate -load resistance and VD is the pulse voltage applied 
to the grid. Hence, the interface resistance is 

1 Vo -1 
gmo V ,, 

The amplifier connection has the advantage of yielding a certain 
amount of voltage gain. This is offset in part by the necessity of 
determining g,,,o. 

It should be noted that the foregoing method is exact only for 
triodes. In tetrodes, pentodes and other tubes having additional posi- 
tive electrodes, the cathode current is not equal to the plate current, 
and the feedback voltage developed across a cathode resistance is not 
proportional to the plate current. If a triode connection cannot be 
used, corrections must be made to account for these additional currents. 

In any of these pulse methods, the apparent capacitance may be 
computed from the measured resistances and the time constant of 
decay. 

All of these methods suffer from a lack of accuracy, particularly 
when the interface resistance is very low. All of these methods have 
been used during the course of this study. 

b. Pulse Comparison Method 
This method, suggested by S. Nasto,* is essentially a refinement of 

the single -pulse methods. The tube under test, diode connected, is 
connected in parallel with an adjustable network which is an analog 

' Tube Division, Radio Corporation of America, Harrison, N. J. 
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of the tube under test. The analog network consists of a resistor (the 
analog of the plate resistance of the tube under test) in series with a 
resistor and capacitor in parallel (the analog of the interface imped- 
ance) . The tube and the analog network are driven by a pulse of about 
10 microseconds duration at a repetition rate of 100 pulses per second. 
The current pulses through the tube and its analog are compared by 
displaying them alternately on the same oscilloscope. The analog net- 
work is adjusted to produce coincidence of the pulses and the interface 
resistance and capacitance are read directly)b Since this is basically 
the same method as the constant -voltage pulse method described pre- 
viously, the change in diode impedance during decay must be corrected 
for if the decay is substantial. 

C. The Wagner Method (1) 
H. M. Wagner has modified the simple pulse methods described 

above so that he achieves a considerable advantage in accuracy.17 He 
drives the diode -connected "unknown" tube with a constant -voltage 
pulse and views the current decay on an oscilloscope. He then inserts 
a "substitution resistor" in series with the tube and adjusts this 
resistor until the leading edge of the displayed pulse coincides with 
the previous position of the final current after decay. If the current 
decáy is small, so that the diode resistance does not change appreciably, 
the inserted resistance is equal to the interface resistance. To increase 
the sensitivity, he divides off a fraction of the driving voltage and 
applies this voltage and the voltage across the tube -current -measuring 
resistor to a difference amplifier which drives the oscilloscope. Thus 
the oscilloscope displays only the amplified decay characteristic. By 
this means he achieves a sensitivity adequate to measure an interface 
resistance as low as one ohm. 

Again, the apparent capacitance is determined from the time con- 
stant of decay and the interface resistance. 

This measurement method is one of the simpler and more accurate 
methods which has been used at these laboratories. 

A modification of this method in which the "unknown" tube is 
triode connected, the grid is driven with a square -wave voltage, and 
the current -measuring resistor and substitution resistor are inserted 
in the cathode return has also been used. This method has the advan- 
tages that the plate current can be adjusted independently of the signal 

"j The Clegg Laboratories Pulse Impedance Bridge, Model PIB1, which 
has a pulse generator and a synchronized switch for displaying alternate 
pulses built into the instrument, is readily modified to make this measure- 
ment. 

17 H. M. Wagner, "Cathode Interface Impedance and its Measurement," 
presented at the National Electronics Conference, Chicago, Ill., 1952. 
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voltage and that the tube need not be driven through current cutoff 
where the nonlinearity of the tube characteristic makes it difficult to 
match the voltage across the current -measuring resistor with the bal- 
ancing voltage. 

d. The Wagner Method (2) 
A second method developed by Wagner compares the unknown tube, 

diode connected, with the analog network described above at two 
frequencies under small -signal conditions.18 Because only two frequen- 
cies are used, only two parameters of the unknown can be determined. 
Accordingly, the capacitor of the analog network is chosen so that its 
reactance is small compared to the interface resistance at 10 mega- 
cycles and large compared to the interface resistance at 1 kilocycle. 
To make the measurement, the unknown tube is first driven by a 
10- megacycle constant -current generator and the voltage across the 
tube is read with a vacuum -tube voltmeter. The analog network is 
then driven with the same constant -current and the RI, resistor is 
adjusted to obtain the same voltage as was obtained across the tube. 
This procedure is repeated with a 1- kilocycle constant -current gener- 
ator except that now the resistor representing the interface resistance 
is adjusted to match voltages. Thus the RP and interface resistance 
of the tube are determined. 

This method is capable of an accuracy of about one ohm, and has 
the merit that only two simple oscillators and a vacuum -tube voltmeter 
are required. While several operations must be performed, they re- 
quire no appreciable skill and the value of the interface resistance is 
obtained without computation. 

e. The Transconductance Method 
As noted in section (a), the apparent transconductance of a multi - 

electrode tube is a function of the interface resistance. If the trans - 
conductance of a tube is measured at two frequencies, one high enough 
so that the apparent interface capacitance shunts out the interface 
resistance, the second low enough so that the interface capacitance 
does not shunt out the resistance, the interface resistance may be 
computed from the two transconductances by the formula 

1 1 
R4 _ - 

gml gm2 

in which g,,,l and gm2 are the "low" and "high" frequency transcon- 

18 H. M. Wagner, "Cathode Interface Resistance Test for Electron 
Tubes," presented at the Fourteenth Annual Conference on Physical Elec- 
tronics, Massachusetts Institute of Technology, 1954. 
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ductances, respectively. Appropriate frequencies are 10 and 0.01 mega- 

cycles. If the lower frequency is chosen still lower, the long -time- 

constant effects begin to play a role. Much of our interface data has 

been acquired by this method. For low resistance values it suffers 

from the difficulties normal to all measurements or computations which 

depend on a small difference between large quantities. 

f. A Bridge Method 

This bridge method balances the unknown tube against a synthetic 
diode comprising a diode free from the defects under study in series 
with a suitable adjustable network (Figure 6) . The details of the 
bridge are described elsewhere.15 The bridge permits of considerable 
precision. However, in its present low- frequency form, this bridge 
does not separate out oxide effects and interface effects. Hence, it is 

suitable for measurements of interface impedance only when the inter- 
face impedance is high compared to the oxide impedance. This is 

usually the case with well- activated tubes having a considerable silicon 
content in the base metal, after the tubes have been aged at a low duty 
for some hundreds of hours. For making interface measurements 
early in the life of a tube, a pulse or high- frequency method is pre- 
ferred to this bridge method. 

In connection with the bridge circuit, it is worth noting that, in 

the form in which it has been built here, the bridge may be balanced 
and then switched to display the plate currents of the unknown and 
standard tubes on the horizontal and vertical axes, respectively, of an 
oscilloscope. If the display shows a marked and abrupt deviation from 
linearity, one of the two tubes is emission limited; which one is ap- 

parent from the direction of the deviation. In this manner, true 
emission limitations, unconfused by deviations due to cathode imped- 

ances, can be found. 

g. The Frost Method 

The method of Frost places the tube under test in its normal 
amplifier connection.18 The grid is driven with a square wave from 
one half of a phase inverter. A resistance having a magnitude equal 

to the reciprocal of the transconductance of the tube under test is 

connected between the control grid and the anode. The anode is driven 
out of phase by the other half of the phase inverter. Hence, the current 
through the load resistor is zero if the tube has no cathode impedance. 

An amplifier driving an oscilloscope is used to observe the voltage 

19 H. B. Frost, "The Measurement of Cathode Interface Impedance," 
(Abstract), Proc. I.R.E., Vol. 40, p. 230, February, 1952. Also reported at 
Twelfth Annual Conference on Physical Electronics, M.I.T., 1952. 
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across the plate load. If there is cathode impedance, the apparent 
transconductance of the tube becomes frequency sensitive and is not 
matched by the reciprocal g,,, resistor, and a signal appears across the 
plate resistor. This signal is balanced out by a network in the cathode 
return which is the dual of the interface impedance (a network com- 
plementary to that of Figure 6) . Because of the sensitivity of the 
circuit, stray capacitances must be balanced out by a neutralizing 
capacitor in order to achieve balance. Altogether, six parameters 
must be adjusted to achieve a balance: the reciprocal g, resistor, the 
neutralizing capacitor, and the four elements of the complementary 
network. 

This method is elegant and achieves a sensitivity and time reso- 
lution which do not seem to be matched by any other method. It has 
disclosed two time constants for interfaces in the microsecond range, 
one 0.1 -1.5 microseconds ; the second, 0.5 -10 microseconds. Like all 
bridges which yield much information, a considerable amount of skill 
and time is involved in obtaining a balance. It is felt that this method 
is an elegant laboratory method but is not suitable for routine meas- 
urements on large numbers of tubes. 

h. The Bartley and White Method 
Bartley and White have used a comparison method for measuring 

interface impedance.20 The tube under test is placed in its amplifier 
connection. The grid is driven by a square -wave voltage of several 
microseconds period. The output voltage of the tube is superposed on 
the square -wave input voltage in an oscilloscope display by an elec- 
tronic switching circuit. Any distortion of the output wave shape by 
interface impedance is thus apparent. This measurement makes pos- 
sible the selection of "standard" tubes which show no appreciable 
interface effects. In the measurement of interface impedance, the 
output voltage of the unknown tube is superposed on the output voltage 
from a standard tube, with both tubes driven by the same grid voltage. 
The two wave shapes are then made coincident by introducing resist- 
ance and capacitance in parallel, both in series with the cathode return 
of the standard tube. When the output -voltage wave shapes coincide, 
the inserted resistance and capacitance are equal to the apparent 
resistance and capacitance of the interface layer of the unknown. 

Aside from the switching circuits required to superpose the volt- 
ages to be compared, the method is simple and direct. If the oscillo- 
scope is preceded by an amplifier of adequate gain and bandwidth, it 
should be capable of considerable sensitivity and accuracy. 

20 W. P. Bartley and J. E. White, "Characteristic Shifts in Oxide Cathode Tubes," AIEE Technical Paper, pp. 62 -53, December, 1951. 
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i. The McNarry Method 

McNarry2l makes the tacit assumption that a cathode exhibits zero 

resistance except for interface resistance and proceeds as follows. The 

diode -connected unknown is compared with a three -element passive 

network in a bridge. The unknown is operated at the desired d -c level 

and the bridge is driven with an a -c signal. The first of the three 
balances required to determine the interface impedance is made at a 

frequency of 10 megacycles. At this frequency, the interface imped- 

ance is negligible compared to the plate resistance of the diode, so that 
balance is achieved by adjusting a resistor Ro, which represents the 
plate resistance, in the standard arm of the bridge. The second balance 

is made at a frequency of 100 cycles. At this frequency, the apparent 
shunt reactance of the interface layer is large compared to the shunt 
resistance, so balance is achieved by inserting an additional resistance 
Ri, which represents the interface resistance, in series with R0. The 

third balance is made at a frequency of 100 kilocycles by shunting Rr 

with a capacitance C {. If the bridge ratio is unity, the bridge is direct 
reading and R{ and C{ are the interface resistance and capacitance 
respectively. The bridge measures low interface resistances within 
one ohm. 

Unfortunately, the cathode impedance of a tube with zero interface 
resistance is not zero ; the oxide resistance remains and may be sub- 

stantial. Hence the bridge does not measure interface resistance 
directly. Just what it measures depends on the details of the circuit, 
particularly the balance indicator. 

All of the above methods have their merits. The choice of circuit 
must be predicated on the application. For laboratory experiments 
where precision is desired (at the expense of time) , certain circuits 
recommend themselves. For routine measurements of large quantities 
of tubes, other circuits are indicated. However, it must be stressed 
that the various methods will not yield the same results when applied 

to the same tubes. Methods which operate with a small signal super- 
posed on a d -c bias are expected to yield a higher apparent interface 
resistance than those methods which employ a very small duty, because 

the former measure resistance after the decay of Figure 2 is complete 

and the latter make the measurement near the beginning of decay in 

Figure 2. Furthermore, the small -signal methods may change the 
apparent interface impedance of tubes which have been aged under 
cutoff conditions if the d -c cathode current is substantial in the test. 
Until the effects of current on the activity of interface layers have 

21 L. R. McNarry, "Bridge for Measuring the Interface Impedance of 
Oxide -Coated Cathodes," Report N.R.C. No. 2745 of the National Research 
Council of Canada. 
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been more thoroughly delimited, it seems wise to make measurements 
under conditions which resemble the aging conditions as closely as 
practicable. 

LIFE TEST 

This section includes most of the pertinent data on interface effects 
in practical tubes which have been accumulated. Some of the data has 
been reported orally at various conferences. They are included here 
because of the evident interest in them. 

a. 6SN7 -GT's and 6SL7 -GT's from Multiplex Equipment 
Certain tubes operating at low duty cycle in time -division multiplex 

terminal equipment had failed. These tubes were sent here for study 
after their cathode resistances had been checked by the transconduct- 
ance method described in the preceding section. The low- frequency 
transconductances were then computed from the measured high -fre- 
quency transconductances and measured cathode resistances for corn - 
parison with the measured low- frequency transconductances. The 
results are shown in Tables I and II. In Table I, Ip is the peak current 
to which the tube was driven in the bridge; Rk is the apparent cathode 
resistance at 60 cycles ; Vk is the peak voltage drop across the apparent 
resistance; V, is the peak applied plate voltage; and I9 /V0312 is the 
perveance of the tube, where Vo = Vp - Vk. 

It should be noted that in some cases the cathode drop amounts to 
50 per cent of the applied voltage. 

Table II compares the bridge measurements with the transcon- 
ductance measurements. In Table II, g,,,,,, is the transconductance at 
10 megacycles (assumed to be the true transconductance of the tube) ; 

Rk is the apparent cathode resistance at 60 cycles; g, = g,,,o/ (1 -F 
g, oRk) ; g,,, is the transconductance at 10 kilocycles; and D is the 
duty at which the tubes had operated in the multiplex equipment. 

In some instánces, the ratio of g,n /gm' is considerably less than 
unity. This may be due to the fact that some of these tubes were 
subjected to emission checks after the transconductance measurements 
and before the bridge measurements. Operation of tubes under high 
current conditions reduces Rk, as was pointed out earlier. All of these 
tubes were checked for emission limitation up to at least one half 
ampere after the bridge measurements. In no instance was an 
emission limitation found. 

b. Life -Test of Special 6AG7 Tubes 
A group of 6AG7's having various cathode base metals were oper- 

ated on life test for periods up to 3050 hours. The life -test data 
comprises the plate current at a standard voltage versus time, and 
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Table I- Measured Interface Resistances of Tubes Operated in Multi- 
plex Service. 

Tube 
Type 

Tube 
No. 

I, 
Amps 

Rk 
Ohms 

Vk 
Volts 

V, 
Volts Vk /V, 

I,/V.3/2 
X 108 

GSN7-GT la 0.068 44 3.00 21.2 0.141 873 
b 0.032 317 1.01 19.8 0.510 1060 

3a 0.060 84 5.04 21.2 0.238 923 
b 0.034 322 11.1 21.2 0.528 1070 

14a 0.025 178 4.45 15.6 0.285 680 
b 0.042 213 8.9 21.2 0.419 966 

18a 0.025 250 6.25 17.7 0.354 618 
b 0.042 187 8.23 21.2 0.388 933 

30a 0.030 130 11.3 21.2 0.486 980 
b 0.044 179 7.9 21.2 0.372 900 

6SL7-GT la 0.0216 480 10.4 21.2 0.491 610 
b 0.0136 256 3.48 10.0 0.348 825 

2a 0.0202 81 1.6 10.0 0.160 1030 
b 0.0184 142 2.6 10.0 0.260 920 

3a 0.016 203 3.2 10.0 0.320 905 
b 0.0106 483 5.1 10.0 0.510 980 

4a 0.0057 1010 5.8 10.0 0.580 670 
b 0.0088 615 5.4 10.0 0.540 890 

14a 0.0044 1670 7.3 10.0 0.730 995 
b 0.0104 465 4.83 10.0 0.483 881 

Table 11- Comparison of Measured and Computed Transconductances 
at 10 Kilocycles of the Tubes of Table I. 

Tube Tube gm. Rk gm, g,n D 
Type No. (10 mc) Ohms Comp. (10 kc) gm /gm- 

6SN7-GT la 2480 44 2230 2060 0.923 0.97 
b 2520 317 1400 1340 0.958 0.041 

3a 2520 84 2080 2140 1.03 0.97 
b 2560 322 1400 1420 1.01 0.041 

14a 2520 178 1760 1900 1.08 0.57 
b 2500 213 1630 1100 0.67 0.041 

18a 1440 250 1060 1460 1.36 0.45 
b 1060 187 885 400 0.45 0.041 

30a 1260 370 880 760 0.86 0.090 
b 2520 179 1740 1040 0.60 0.041 

6SL7-GT la 1700 480 935 1120 1.20 1.0 
b 1680 256 1180 1320 1.12 1.0 

2a 1840 81 1600 1460 0.912 1.0 
b 1660 142 1340 1320 0.985 1.0 

3a 1740 203 1280 1340 1.05 1.0 
b 1580 483 893 1040 1.16 1.0 

4a 1100 1010 524 680 1.30 1.0 
b 1560 615 798 1040 1.30 1.0 

14a 1120 1670 582 600 0.860 1.0 
b 1100 465 730 800 1.10 1.0 
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Table III -Measured Interface Resistances of 6AG7's on Life Test 

Tube I,, Rk Vk V,, I, /V.3 /2 
Group No. Amps Ohms Volts Volts Vk /V, X 106 

A 1 0.038 180 6.8 10.7 0.64 4430 N -34A 2 0.064 78.4 5.0 10.9 0.46 4480 Cutoff 3 0.064 91.3 5.8 11.7 0.50 4480 
4 0.058 113 6.6 12.1 0.55 4530 
5 0.064 71.5 4.6 10.6 0.43 4360 
6 0.052 86.2 4.5 9.5 0.47 4550 
7 0.051 83.5 4.3 9.2 0.47 4740 

B 1 0.058 228 13.2 18.7 0.70 4570 N -34A 2 0.030 136 4.1 7.6 0.54 4600 Conduction 3 0.030 226 6.8 10.1 0.67 5000 
4 0.033 162 5.4 9.4 0.57 4150 
5 0.033 253 8.4 12.2 0.69 4480 
6 0.029 226 6.6 9.9 0.67 4870 
7 0.021 351 7.2 10.2 0.71 4070 
8 0.029 273 8.0 11.4 0.69 4610 

C 1 0.067 37.3 2.5 8.5 0.34 4560 
N -81 3 0.042 106 4.5 9.2 0.49 4120 Conduction 

Table IV- Comparison of Measured and Computed Interface Re- sistances of Tubes of Table III. 

Tube W /W, W /W, Rk Rk Life 
Group No. Cale. Meas. Calc. Meas. Hours 

A 1 0.195 0.234 115 n 180 Sl 1545 
N -34A 2 0.615 0.472 25 78 2041 Cutoff 3 0.402 0.350 53 91 2041 

4 0.490 0.380 39 113 2041 
5 0.640 0.432 23 72 2041 
6 0.326 0.339 66 86 1545 
7 0.390 0.370 55 83 2041 

B 1 0.435 0.478 47 228 3053 N-34A 2 0.080 0.061 231 136 3053 
Conduction 3 0.081 0.081 229 226 3053 

4 0.105 0.090 190 162 3053 
5 0.113 0.087 180 253 3063 
6 0.098 0.086 199 226 3053 
7 0.051 0.116 310 351 3053 
8 0.070 0.067 251 273 1545 

C 1 0.338 0.303 66 37 3053 
N-81 3 0.191 0.305 117 106 3 053 

Conduction 

the power output of the tubes into a standard load versus time. Table 
III shows the results of bridge measurements on these tubes. The 
columns correspond to those of Table I. The tubes A and B have a 
high -silicon- content base metal (0.15 -0.25 per cent silicon) and were 
run under cutoff and conducting conditions, respectively. Tubes C have 
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a low- silicon- content base metal (<0.01 per cent silicon) and were run 

under conducting conditions. It is worthy of note that in some of these 

tubes about 70 per cent of the applied voltage appears across the 

cathode. 
Table IV compares the bridge measurements with the life -test data. 

The cathode resistance may be computed from the plate currents at 

the beginning and end of life if the drop in plate current is caused 

solely by an increase in cathode resistance. The required relation is 

i02/3 - Z2/3 

Rk= 
P2/3 i 

in which io is the initial current, i is the final current, and P is the 

perveance of the tube. 
Columns 5 and 6 in Table IV compare the computed cathode 

resistances with those measured in the bridge. The ratio of the final 

g, to the initial g,,,0 may be computed from the relation 

gm 1 

gmo 1 + gmÇRk 

The ratio of the final power output into a standard load to the initial 

power output into the same load is approximately the square of the 

ratio of the final to initial gm. Columns 2 and 3 of Table IV compare 

the ratio of final to initial output as computed and measured. It 
appears that the major cause of the decrease of plate current with life 

was the increase of interface resistance with life. The column on the 

extreme right shows the time at which the tubes were removed from 

the life -test racks. These tubes were also checked for signs of emission 

limitation up to about 0.5 ampere and none was found. 

c. Life -Test Data on Special 6SN7 -GT and 6SL7 -GT Tubes Operating 

in Time -Division -Multiplex Terminal Equipment 

The time -division -multiplex terminal equipment mentioned under 

(a) is now equipped with a series of 6SL7 -GT's and 6SN7 -GT's having 

various silicon -content base metals. These tubes are operated at a 

heater voltage of 6.0 volts to retard interface growth. After each 1000 

hours of operation, the 10- megacycle and 10- kilocycle transconduct- 

ances of these tubes are read. From the transconductances, the ap- 

parent interface resistances are computed. The data for the first 5000 

hours was examined for significant differences which might be asso- 

ciated with the silicon content of the base metal, the average plate 

current, and the duty. The data was then grouped in accordance with 
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the operating conditions which seemed to produce differences. The 
average resistances versus life for each of the groups are shown in 
Figures 7, 8, and 9. An examination of the curves suggests that the 
original subdivisions were too fine and that the statistical variations 
far exceed the suspected correlations with plate current and duty. 
Figure 7 shows the variation of resistance with life of a group of 106 
triode units with a relatively high silicon content in the base metal. 
The conditions of operation corresponding to each curve are shown 
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Fig. 7 -The Interface resistances versus time of a set of tubes having 
0.15 -0.25 per cent silicon in the base metal. 

in the box in the figure. It will be noted that the apparent resistance 
rises quite rapidly to a value of the order of a thousand ohms in the 
first 8000 hours and then shows a tendency to level off. 

Figure 8 shows similar data on a group of 50 triode units having 
a lower silicon content base metal. The silicon content is less than 1/8 
of that of the tubes of Figure 7 and the apparent resistance approaches 
a value of the order of 1/5 of that of the tubes of Figure 7. The same 
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rapid initial rise of resistance with life as observed previously is 

noticeable. 
Figure 9 shows similar data on a group of 92 triode units some 

of which have a still lower silicon content. The same general behavior 

with life is observed. The resistance appears to level off at about 70 

ohms. 
Because there appears to be no clear -cut correlation with plate 

current or duty, at least for the ranges of plate current and duty 
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Fig. 8 -The interface resistance versus time of a set of tubes having 
0.01 -0.05 per cent silicon in the base metal. 

encountered in the multiplex equipment, the data was reduced to a 

unit cathode area basis and averaged by base metal. The results are 

shown in Figure 10. Two general conclusions can be drawn: 
1. The interface resistances increase rapidly with time during the 

first 8000 hours and then show a tendency to saturate. 
2. The "final" resistances are about in proportion to the original 

silicon contents of the base metals. 
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It is worth noting that the behavior of the resistance with time 
during the first few thousands of hours does not give a clear indication 
of what will happen subsequently. 

Considered from an engineering standpoint, the implications of 
this data are self- evident. In view of the considerable investment in 
time required to obtain such data, it seems desirable to glean whatever 
further information is possible from it. The amount of fundamental 
physical information which can be abstracted is probably very small 
because: 

1. The increase of interface thickness with time is not known. 
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Fig. 9 -The interface resistance versus time of a set of tubes having <0.01 -0.05 per cent silicon in the base metal. 

Hence, the dependence of interface resistance on layer thickness can- 
not be established. Furthermore, the process which determines the 
rate of growth cannot be separated out. The dominant process may 
be the rate of diffusion of silicon out of the base metal, the rate of 
diffusion of silicon or barium oxide through the interface layer, the 
rate of reaction between silicon and barium oxide, or perhaps one of 
these mechanisms early in life and another later. 

2. It is not certain that the measurements from which the resist- 
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ances are derived do not affect the resistances and their rate of growth. 
The transconductances of the 6SN7 -GT tubes are read at a plate 
current of 12 milliamperes and the transconductances of the 6SL7 -GT 

tubes at a plate current of 4 milliamperes. These currents exceed the 
currents at which the tubes operate in the life test, with a few excep- 

tions. If the usual pattern of behavior applies (the decrease of inter- 
face resistance with current noted in the section on the electrical 
properties of barium orthosilicate) , the currents drawn during the 
measurements reduce the resistances at each reading. As the resist- 
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Fig. 10-The data of Figures 7, 8, and 9, reduced to a unit cathode area 
basis, with the type of base metal as a parameter. 

ances increase with life the effect of the measurement current may also 

increase in such a manner that the asymptotic resistance observed in 

the life curves is simply an equilibrium between the rate of growth 
of resistance and the reactivation during each measurement. This 
possibility is suggested by the results shown in Figures 4 and 5. 

To explore how the measurements might affect the life curves, 
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suppose that the resistance of the layer is proportional to its thickness 
and that the thickness is determined solely by the diffusion of silicon 
out of the nickel. Then it can be shown that after the first thousand 
or so hours of life, the resistance should approach an asymptotic value 
R. according to the formula 

in which 

R R=R 1- 1- e-t/r 
R. 

R0 = resistance at the beginning of the life test, 
1 d 2 

r= 
D a 

D = diffusion constant of silicon in nickel, 
d= thickness of the nickel. 

Hence the rate at which the resistance increases is 

DR R.- R 

at T 

Now suppose the measurements reduce the resistance at the time of 
measurement in proportion to the resistance as in Figure 5. If this 
reduction is averaged over the time between readings, the differential 
equation becomes 

aR R.- R 

at T 

aR 

where aR is the reduction due to the measurement. The asymptotic 
resistance then becomes 

R. Ir.= 
1 + aT 

and the time constant becomes 

T 
T = , 

1 + ar 

Hence, the life behavior is determined in part by the measurement, 
both as to the asymptotic resistance and the time constant. 
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This example has been used to stress a point made earlier, namely, 

that life data must be interpreted in terms of how the life tests are 
conducted and how the status of the tubes during life is determined. 
While life -test data on tubes periodically subjected to a current in 

excess of the operating current is of interest, it is also of interest to 

have data in which excess current is not drawn. 

CONCLUSION 

The reducing agents included in the base metal of oxide cathodes 

lead to the formation of insulating layers at the interface between 

the base metal and the oxide. The layer which forms when silicon is 

one of the reducing agents exhibits a resistance which is apparent 
early in the life of a tube and seriously impairs its performance in 

the course of time. Life data on tubes in practical applications is 

presented. It is found that tubes with 0.01 per cent silicon in the base 

metal develop an interface resistance of about 50 ohms for a square 

centimeter of cathode area and that tubes with 0.15 -0.25 per cent 

silicon in the base metal develop an interface resistance of about 1000 

ohms for a square centimeter of cathode area. These values are reached 
in about 10,000 hours after which the values remain more or less 

constant. The data extends to 22,000 hours. 
Exploratory studies of the physical phenomena which account for 

the complex behavior of the interface layer are described. These 

studies lead to no firm physical model. However, they suggest certain 
precautions to be observed in making measurements of interface 
resistance if consistent results are to be obtained. The most important 
of these precautions is that measurements of interface resistance 
should be made at the cathode current at which the tubes normally 
operate; otherwise, the measurement itself may obscure the effect of 

the previous experience of the tube. 



FACTORS IN THE DESIGN OF KEYED 
CLAMPING CIRCUITS* 

BY 

ROLAND N. RHODES 

Industry Service Laboratory, RCA Laboratories, 
Princeton, N. J. 

Summary -In the various signal -processing operations performed in the generation of the color television signal, it is sometimes necessary that the signals being processed possess their d-c component, and further be set at some definite d -c reference level. Keyed clamping circuits are usually em- ployed to satisfy these requirements, and are commonly used for this purpose in such apparatus as linearity- correcting amplifiers, colorplexers, 
encoders, and stabilizing amplifiers. 

Several forms of keyed clamping circuits can be used. These include 
single, double, and quadruple diode types, as well as various triode types.' At present, however, the most commonly employed clamp circuit is the 
double diode type, referenced against some fixed potential. The analysis 
in this paper is principally concerned with this particular circuit, but many 
of the results are applicable to the other forms of clamps. 

CIRCUIT DESCRIPTION 

IGURE la shows a typical keyed double diode clamping circuit 
as applied to a video amplifier chain. The video signal to be 
clamped, such as that of Figure lb, appears at the plate of the 

amplifier Tin. This signal has lost its d -c component as can be deduced 
from the fact that its blanking level is not constant, but rather varies 
as a function of the video content in the signal. The clamping operation 
usually takes place during the latter part of the horizontal blanking 
period. At that time the clamping circuit is keyed on, and in effect 
"looks" at the video signal to see if its blanking level is constant and 
at a prescribed voltage. If it is not, the circuit operates to correct the 
situation, so that the video signal at the grid of Tout will appear as in 
Figure lc. 

The clamping circuit itself forms the grid return for Taut and 
consists of the circuitry associated with the diodes T1 and T2 and the 
triode driver T3. A resistor Ri is commonly included in the circuit to 
help prevent the higher frequency components of the clamp keying 
pulses from appearing in the video signal on the grid of T0t. The 
diodes are connected in a bridge configuration. The lower arms of the 

* Decimal Classification : R583.15. 
11C. R. Wendt, "Television DC Component," RCA Review, Vol. IX, p. 85, March, 1948. 
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bridge consist of fixed resistors R1 and R,,, and a balancing potenti- 
ometer Rba1. The tap on Rbal is tied to the reference voltage E3. The 

total resistance from this tap to point (b), the plate of T2, is labeled 

R2, and the total resistance from the tap to point (a), the cathode of 

T1, is labeled R1. 

CLAMPING OPERATION 

During the clamping interval a negative pulse is applied to the 
grid of the driver tube T3 so that positive- and negative -going pulses 

appear across its plate and cathode loads respectively. These are the 

T 
KEYING 

PULSE IN 

(a) 

WHITE 
PICTURE 

BLACK 
PICTURE 

BLANKING 

(b) Video input. 

NV "AMAA,,.: 

CLAMPING 
LEVEL 

Keyed clamping circuit. (c) Video output. 

Fig. 1 -Keyed clamping operation. 

clamp keying pulses. They are applied to the diodes causing them to 

conduct through the capacitors C1 and C2. Consequently, during the 
clamping interval electrons leave the upper plate of C1, charging it in 

the positive direction, pass through the diodes, and enter the upper 
plate of C2, charging it negative. This action develops a back bias 

voltage, approximately equal to the peak of the clamp pulses, across 

each of the capacitor resistor combinations C1R1 and C2R2 of proper 
polarity to prevent diode conduction during the video interval. 

The operation of the circuit when R1 equals R2 and the amplitudes 
of the keying pulses are equal, can be seen by considering what happens 
when a video signal which has lost its d-c component, such as that of 

Figure lb, appears at the plate of Tin. As long as the blanking level 

of this signal is constant, the voltage during the clamping interval at 
the junction point (c) on Figure la remains the same as that of the 
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reference voltage E3. Consequently, no charge flows into C3 and any 
electrons leaving C1 flow into C2. However, when the picture content 
changes, as shown in Figure lb, for example, the black level shifts 
upward and an unbalance voltage which is more positive than the 
reference voltage appears at the grid of Toot during the clamping 
interval. 

Under these conditions, electrons are transferred from C1 to C3, 
so that the voltage of the blanking signal at the grid of Toot falls 
toward the reference voltage. If the video signal is such that its 
blanking level occurs at a voltage which is lower than the reference 
voltage, electrons are transferred from C3 to C2, and the voltage at 
the grid of Toot rises toward the reference voltage. In this manner, 
a clamping level equal to the reference voltage is maintained, and the 
d -c component is re- inserted into the video signal, which now appears 
at the grid of Toot as in Figure ic. Undesirable low- frequency dis- 
turbances, such as hum or line bounce, are removed from the video 
signal by this same mechanism. 

Clamp Level 

It is usually necessary to set the clamping level at some specific 
voltage. This can be done by setting the reference voltage E3 at the 
desired voltage, as discussed in the preceding section. However, the 
level can also be set by varying the relative sizes of R1 and R2 by means 
of a potentiometer such as Rb,t of Figure 1. 

In the latter case, the level setting takes place as follows : when 
the two diodes conduct during the clamping interval, the two capacitors 
charge in series, so that the electron charge is the same for both. 
Consequently, under equilibrium conditions they must each discharge 
an equal number of electrons through R1 and R2. If the two discharge 
resistors are equal, the voltage developed across them will be equal and 
opposite, and the clamping level will be equal to the reference voltage. 
However, when RN,' is adjusted so that R1 and R2 are not equal, the 
voltage across each of them will be proportional to their resistance. 
For example, if the tap on Rba1 is moved to the left, R2 decreases and 
R1 increases, thereby making point (a) more positive and point (b) 
less negative. Consequently, the potential of the entire bridge circuit, 
and the resultant clamp level, is moved in the positive direction. 

Effects of Leakage 
The preceding analysis assumed that the resistance looking into 

the complete circuit from point (c) on Figure la was substantially 
infinite. However, under certain operating conditions, such as when 
there is leakage across the diodes or C3 or when gas current or grid 
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emission occurs in Toot, the resistance looking into the circuit from 

(c) may be reduced sufficiently to affect the d -c level set by the clamp. 

This leakage resistance, labeled RL, is drawn dotted in Figure la, and 

for purposes of analysis is shown returned to ground. Its value is 

usually not stable, but rather varies as a function of such things as 

ambient temperature and humidity, equipment warm -up conditions and 

other factors. Consequently it must be given due consideration in 

circuits where a high degree of stability of clamp level is required. 

In order to evaluate this effect, as well as some of the others which 

contribute to the stability problem, a more comprehensive analysis of 

the circuit is required. The analysis presented here, while not com- 

pletely rigorous, yields results that are generally applicable within the 

limits of operating conditions usually encountered in television systems. 

It is based on conservation of the charge on the three capacitors 
involved in the circuit. As examples of the method, consider the cases 

e, 

Od -0- 

oc (b) 

Fig. 2 -D -C restorer. 

e. 

of two somewhat simpler but closely related circuits -the d -c restorer, 
and the pulse peak detector. 

D -C RESTORER 

Figure 2 shows a d-c restorer operating on a train of narrow pulses. 

The restorer is idealized to the extent that all the resistance in the 
charge path of the coupling capacitor C3 is placed in series with the 

diode. If it is assumed further that the charging time constant ReC3 

is long compared to the pulse -on period t, and the discharge time con- 

stant RdC3 is long compared to the pulse -off period T, and that t is 

much smaller than T, the d -c restored pulses appear at the point (b) 

as shown. The problem is to determine the amount by which the peaks 

of the pulses overshoot the reference potential; which in this case is 

ground. Since restoration takes place with respect to ground, the diode 

conducts and C3 charges a number of electrons, Q, through R0 when 

the pulse goes above ground. During the rest of the interval the diode 

is cut off, and C3 discharges a number of electrons, Qd, through R4. 
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The overshoot required for charging C3 is the voltage labeled e0 and 
the discharge voltage is labeled e,,. Consequently, 

e, 

R,. 

ed 
Qd = T. 

Rd 

At equilibrium, Q = Qd, and therefore 

e, 

ed 

R, T 

Rd t 

(1) 

(2) 

(3) 

Equation (3) is the d -c restorer equation. It depends on the fact 
that the amount of charge entering C3 during t equals the amount 
leaving it during T under steady -state conditions. The lower the ratio 
ec /ed, the more efficient the d -c restorer at maintaining black -level. 
The controlling factors are the ratios of the charge -to- discharge path 
resistance and the discharge -to- charge time. 

If it is assumed that all the charge path resistance is in the source, 
and that the diode has zero forward resistance, the voltage at (b) 
cannot rise above O. However, the voltage e0 is still required to charge 
the capacitor, and under these conditions it will be developed across 
the source resistance. The result is that the value of ed in the output 
remains the same as that called for in the equation, but that e, is 
clipped off and will not appear in the output. Since ordinary d -c 
restorers have both source and diode forward resistance, some clipping 
of the signal always takes place, and it becomes increasingly severe as 
the ratio of the required charge voltage e0 to the discharge voltage ed 
increases. 

PULSE PEAK DETECTOR 

Figure 3 shows a pulse peak detector. The time -constant assump- 
tions are the same as in the previous case. The input pulses are shown 
at point (a) and the rectified output at (b) . In this case the voltage 
available for charging C is equal to the difference in amplitude between 
the pulse height el and the detected output E2. The equations are set 
up in the same way as in the d -c restorer case by equating the charge 
and discharge of the capacitor C. 
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el - E2 
Q, = t 

Ra 

E2 
Qd = T. 

Rd 

At equilibrium, Q = Qd, and therefore 

Rd 
E2=e1 

T 
Rd+-R, 

t 
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(4) 

(5) 

(6) 

Equation (6) is in the form of a resistance voltage divider equation. 
The principal feature of this equation is the fact that the charge 
resistance Ra is multiplied by the ratio of discharge -to- charge times, 
and consequently appears to be a much larger resistor than it actually is. 

Fig. 3 -Pulse peak detector. 

E2 

o 

ANALYSIS OF KEYED CLAMPING CIRCUITS 

With the preceding examples as background, further consideration 
can now be given to the loaded keyed clamp. The circuit is shown in 

Figure 4a, redrawn for purposes of analysis. The parenthetical circuit 
values are more or less typical. Two equal amplitude push -pull pulses 
labeled a +p and e_p are supplied by the generators shown. The two 

equal resistors, both labeled Ra, are the sums of the diode forward 
resistance and pulse source impedance in the two branches of the 
circuit. Again it is assumed, that the various RC time constants are 
long compared to the duration of the pulses which act on them, and in 

addition, that R1 and R. are both much larger than Ra, and that the 
leakage resistance R,,, though not infinite, is much larger than R1 

and R2. 
The circuit equations are set up in the same general way as in the 

two preceding cases. First we may note that when the circuit is in 

equilibrium the individual charge and discharge of each of the three 
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capacitors C1, C2, and C3 must be equal. In addition, the sum of the charges on these three capacitors is constant. Consequently the first group of equations is 

Qc1 - Qd1 

Q02= Qd2 

Qc3 - Qd3 

Qe2 - Qc1 + Q3 

(7) 

wherein the subscript c refers to the charge flowing during the pulse -on 
period t, and subscript d refers to the discharge flowing during the 
pulse -off period T. The numerical subscripts 1, 2, and 3 refer to the 
capacitors C1, C2 and C respectively. 
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(a) Keyed clamping circuit. 
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(b) Details of clamping pulses. 
Fig. 4- Effects of leakage on clamping operation. 

In order to obtain the required additional equations, the various 
voltage drops around the circuit due to the presence of the clamping 
pulses e+ and e_p are summed. Figure 4b is a somewhat exaggerated, 
expanded view of the pulses as they appear at the points labeled (1) 
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and (2) of Figure 4a, relative to the various d-c voltages involved in 

the circuit. In this figure E3 was assumed to be some fixed positive 
potential above zero volts. The presence of the leakage resistance RL 

causes the output voltage E4 to be somewhat lower than it would be 

under open- circuit conditions. Considering the positive -going pulse 
which operates on T2, it can be seen that T2 will conduct when the 
pulse goes above the value of E4. During this conduction time, the 
voltage E4 rises due to the peak current flowing through Rti and R. 
This rise in voltage era is the voltage available to charge C3. The 
portion of the pulse voltage available for charging C2 is then the 
difference between this peak voltage of E4 and the peak voltage of 
the positive clamp pulse e +p and is labeled ec2. Similarly, the voltage 
available for charging C1 is the difference between the peak voltages 
of E4 and the negative clamp pulse e_p and is labeled ec1. 

The discharge voltage of C3, labeled ed3, is substantially equal to 
the clamp output voltage E4. Since during the discharge time T the 
diodes are nonconducting, C1 and C2 both discharge toward E3, result- 
ing in the discharge voltage edl and ed2 shown in the figure. 

By adding up the voltages on the positive and negative pulses, the 
following two equations are obtained: 

and 

e+p = ed2 -- (E3 - E4) +' (e02 + ea) (8) 

ep = edl + (E3 - E4) + (en - eca) . (9) 

From Equations (7), (8), and (9) and the methods used in devel- 
oping Equations (3) and (6), it can be shown that 

E3+ep 
Rl - R2 

Rl+R2+2Rar 
E4= (10) Rr 1 (R1+Rar) 

1 + -I- 
RL RL + 2 Ra r 

where r = T /t, R is the combined pulse source and diode forward 
resistance, Ra is the sum of the video source resistance R and isolation 
resistance R,, and R,, is the leakage resistance. 

The expression 

(R.: + Ra r) (R1 f- Ra r) 

R1-}-R2-}- 2Rar 



370 RCA REVIEW September 1954 

is the parallel resistance of R1 + Rar and R2 + Rar and can be repre- 
sented by RI,. Since E4 is substantially equal to the clamping level 
Emit, we have 

Eot = 
E3+ep 

R1+R2+2Rar 

R1- R2 

Rp+R,r 
1+ 

RL 

Equation (11) is the clamping circuit equation. 

DESIGN CONSIDERATIONS 

The clamping circuit equation is useful in bringing out many of 
the factors involved in the design of the circuit, especially insofar as 
stability of operation is concerned. For example, with the component 
values shown in Figure 4, if the ratio of pulse -off to pulse -on time (r) 
is 40, and the bias voltage (E3) is +1 volt and the leakage resistance 
(RL) is substantially infinite, the clamping level (Ea t) is also +1 volt. 
However, if for some reason a leakage current of one -tenth micro- 
ampere flows, the effective leakage resistance drops to approximately 
10 megohms, and the calculated clamping level drops to approximately 
0.93 volt. This voltage will probably not be stable since it is dependent 
on the value of the leakage resistance. 

It can be seen from the equation that in order to minimize the 
drift effects of RL, the right hand term in the denominator should be 
very small compared to unity. This requires that leakage resistance RL 
be large, and the Rp + R,r term be small. Insofar as RL is concerned, 
leakage in the coupling capacitor C3, the diodes, and the tube sockets 
can cause trouble in isolated instances, but these troubles can be 
avoided by employing reasonably high -quality components in the cir- 
cuit. However, a more serious problem exists in those instances when 
it is necessary to clamp the grid of a tube of a type which is prone to 
either gas currents or grid emission. Under these conditions the effec- 
tive value of RL may be sufficiently low to cause clamp level instability. 
In many cases it is possible to increase RL by running the tube "cool, 
that is, by operating the tube well within its rated dissipation and by 
reducing its filament voltage toward the lower limit of the manufac- 
turer's tolerance. 

Insofar as the RI, + R,r term is concerned, it is desirable to make 
it small. This requires that r be as small as possible, that is, the clamp 
pulse be as long as the particular operating conditions permit. More- 
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over R8, which is the sum of the video source resistance R and the 
isolation resistor Ri, and Rp, which is a combination of the resistors 
R1, R2 and Rar, should be made very small compared to the leakage 
resistance R.G. 

There is, of course, a lower limit to the values of these resistances 
due to other factors. For example, the factor which usually determines 
the lower limits of R1 and R2 is the amount of clamp pulse power 
available. This results because the clamp pulse source resistance in 

an actual circuit has some finite value, and as R1 and R2 are lowered, 
Cl and C2 discharge more heavily so that the peak charge current 
supplied to the diodes must also increase. Consequently the pulse source 
is more heavily loaded and the pulse voltage drops. It may be noted 
that since the diode forward resistance follows a three -halves power 
law, it decreases with increasing peak current. Consequently, Ra is 
lowered as the resistances of R1 and R2 are reduced, a factor which 
is beneficial insofar as clamp circuit stability is concerned. 

The lower limit of clamp pulse voltage required depends on the 
largest amplitude video signal to be clamped. In order to prevent video 
signals from causing the diodes to conduct, the back bias voltages 
must be at least as large as the largest video signals; consequently 
the clamp pulses themselves must be at least this large and perhaps 
be 25 to 50 per cent larger. Keeping the clamp pulse height within 
these limits is desirable since it minimizes the amount of spurious 
clamp signal which can appear in the video signal and therefore per- 
mits the use of a small isolation resistor. In addition, as can be seen 
from the fraction in the numerator of the clamping circuit equation, 
Increasing the pulse height makes the clamp output level more sensi- 
tive to a possible drift in the resistance values of R1 and R2. As a final 
observation, it may be noted that the fraction in the numerator of the 
equation also indicates one difficulty associated with setting the clamp 
level by varying the relative sizes of R1 and R2, namely, that the 
clamp level becomes sensitive to variations in clamp pulse amplitude. 
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Summary -The Vidicon tube found its initial applications in the field of industrial television; however, its inherent characteristics coupled with the rapid advancement made in minimizing its limitations has made its use for regular broadcast television rather attractive. A television camera has performance characteristics dictated by the combination of the tube char- acteristics and the modification of' those characteristics which are possible 
with the associated circuitry. These characteristics and the means taken in a film camera chain to exploit or modify the characteristics are the subject of this paper. The desirable features of the Vidicon and the circuit tech- niques to be discussed have combined to produce film pickup equipment representing a new high in the quality of film reproduction for television 
broadcasters. 

SIGNAL -TO -NOISE RATIO 

THE Vidicon tube is characterized by very good signal -to -noise 
(S /N) ratio. The noise output of the Vidicon itself is that of 
a temperature -limited diode with a plate current equal to the 

signal electrode current of the Vidicon. This relationship is true for 
those cases where the current to the output element of a tube is small 
compared with the total beam current or cathode current.' Since the 
noise output of the Vidicon is very low, the S/N ratio of the film chain 
will be determined almost entirely by the characteristics of the video 
preamplifier. The input stage of the preamplifier consists of a 417A 
and a 12B4 in a cascode circuit. Such an arrangement has the good 
noise properties of a high gm triode and the input impedance charac- 
teristics of a pentode. Miller -effect capacity at the input of the 417A 
is very small because the plate load, which is the driving point im- 
pedance of the cathode of the 12B4, is very low and hence very little 
signal voltage appears at the plate of the 417A. The stage gain, how- 
ever, is high, being equal to the product of the transconductance of 
the 417A and the plate -load resistance in the plate circuit of the 12B4. 
The signal level is thus greatly increased and the favorable S/N ratio 
preserved. This good S/N ratio allows the application of aperture 
correction which may be used to improve the horizontal resolution. 

* Decimal Classification : R583.12. 
1 Stanford Goldman, Frequency Analysis, Modulation, and Noise, 

McGraw -Hill Book Company, Inc., New York, N.Y., 1947; Ch. 7. 
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Aperture correction, which is a phase distortionless boosting of the 
high- frequency components of a signal, boosts the noise as well as the 
signal. The high -frequency S/N ratio is ordinarily rather poor com- 

pared to the S/N ratio at low frequencies. This is due to the loss of 

high- frequency signal components in the inevitable capacity shunting 
the camera -tube load resistance. For this reason aperture correction 
is acceptable only in a system having very good S/N ratio. 

APERTURE CORRECTION 

The response of the Vidicon in terms of television lines is plotted 
against zero line number as 100 per cent response in Figure 1. A fre- 
quency scale corresponding to line number is also shown in this figure. 

U NCOM PEN SATE D 
HOR RESPONSE 

PICTURE CENTER 

O 100 200 300 400 
TELEVISION LINE NUMBERS 

600 

1 2 3 4 5 6 7 
FREQUENCY, MEGACYCLES 

Fig. 1- Aperture characteristic of type 6326 Vidicon tube. 

It is the reciprocal of this curve which should be applied to compensate 
for the aperture characteristic of the Vidicon tube. The Vidicon output 
signal versus frequency as modified by Vidicon output and preamplifier 
input capacity- is also a curve similar to this; however, it should be 
compensated for by a network which is the dual of the effective parallel 
RC network at the Vidicon signal electrode, and not by the aperture 
correction circuit. 

The aperture correction circuit employs an unterminated artificial 
transmission line driven from a source impedance equal to its charac- 
teristic impedance. The sending -end voltage is then2 

e8 = eD cos e / - 
2 R. C. Dennison, "Aperture Compensation for Television Cameras," 

RCA Review, Vol. XIV, pp. 569 -585, December, 1953. 
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where e is the line length in radians and eD is the generator voltage. 
The receiving -end voltage is 

e,. =eat -9 
It is thus evident that the sending -end voltage and the receiving - 

end voltage are in phase for all frequencies, and may be combined in 
varying proportions to give various amounts of high- frequency boost 
without any consequent phase distortion. This fact is used to give a 
rising response characteristic such as one of those shown in Figure 2. 

2.0 

-1.0 
0 0.5 1.0 1.5 2 0 

NORMALIZED 
FREQUENCY(f /fp) 

Fig. 2- Response curves obtainable from delay line type aperture 
correction circuit. 
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The combination of the proper rising response curve of Figure 2 with 
the Vidicon response curve of Figure 1 will give an over -all response 
curve which is approximately compensated or may even be peaked at 
the high- frequency end. As indicated in Figure 2, the sending -end 
and receiving -end voltages may be combined in various proportions to 
give various amounts of boost of the peaked frequency, fp, over the 
low- frequency end of the spectrum. The choice of peaking frequency 
(determined by the electrical length of the line) and ratio of e8 /e,. is 
made to give a curve approximately the reciprocal of the Vidicon re- 
sponse curve up to the peaking frequency, fi,. fQ is ordinarily chosen 
at about 5 megacycles in order not to boost high- frequency noise ex- 
cessively. Actually, of course, the Vidicon aperture is not the only 
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aperture in the over -all system. Equalization for the kinescope aper- 
ture could also be introduced at this point. Beyond the partial com- 

pensation for the scanning apertures which is thus provided, the use 
of additional phase -distortionless high -frequency boosting will "snap 
up" the picture detail. 

Employed in this way, there will be small anticipatory and trailing 
overshoots and ringing due to the pass -band limitation. The effect, 
in the picture, is to frame dark areas with a fine white line, greatly 
enhancing the fine detail. For this reason the aperture correction 
circuit is provided with a tap switch allowing the selection of one of 
four different amounts of aperture equalization according to the needs 
of the system and the taste of the operator. 
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Fig. 3 -Lag characteristic of type 6326 Vidicon tube. 

PICTURE LAG AND FLARE 

Lag is the persistence or retention of an image following the re- 
moval of the incident illumination, and is ordinarily measured as the 
per cent response at some time after removal of illumination to the 
response with illumination. Early Vidicon tubes showed a very marked 
picture lag. Tube improvements and better operating techniques have 

combined to reduce the lag problem to the point where the lag char- 
acteristic is satisfactory for film use. The lag characteristic of the 
Vidicon is shown in Figure 3 as a plot of per cent of initial signal at 
the end of 1/20 second versus highlight illumination. We may note, 
from this curve, that the lag is reduced from 19 per cent response 
after 1/20 second when the highlight illumination is 30 foot -candles 
to 7 per cent when the highlight illumination is 300 foot -candles. In- 
tense highlight illumination is easy to obtain in the 0.625 -inch diagonal 
normally projected on the face of the Vidicon, so that reasonable lag 
characteristics are available with the usual television projectors. We 
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may also note from Figure 3 that the signal electrode voltage needed 
to obtain a highlight signal output of 0.35 microampere decreases with 
increasing highlight illumination. If this information is used with 
the graph of the ratio of signal current to dark current versus signal 
electrode voltage which is plotted in Figure 4, it is seen that this ratio 
is raised from 15 to 1 up to 53 to 1 by going from a highlight illumina- 
tion of 30 foot -candles to 300 foot -candles and adjusting to maintain 
the same signal current. The dark current is related to the "flare" 
signal, which is a spurious signal originating in the Vidicon tube it- 
self. The larger ratio obtained with more intense highlight illumina- 
tion in this example corresponds to a flare signal which is but a small 
percentage of peak -to -peak video. It is thus evident that operation at 

IO 20 30 40 
SIGNAL ELECTRODE VOLTAGE 

N 

50 VOLTS. 

Fig. 4- Signal versus dark current characteristic of type 6326 Vidicon tube. 

low target voltage and intense highlight brightnesses will produce a 
signal with satisfactory lag and "flare" characteristics. In discussing 
the lag characteristics of the Vidicon, it is of interest to note that 
lag, if not so long as to cause a noticeable tailing, is actually advan- 
tageous. In particular, it is the lag characteristic of the human eye 
which gives the sensation of motion from a series of still pictures, 
and in this application of the Vidicon, lag operates to limit the ratio 
of signal output during the time the face of the Vidicon is illuminated, 
to the signal output following the removal of illumination. Holding 
this ratio down helps in two ways. In the first place it greatly reduces 
the danger of overdriving any of the grids of the video amplifiers, 
and in the second place it makes possible the use of nonsynchronous 
projectors with long application time. In other words, it makes pos- 
sible the use of ordinary movie projectors not specifically designed for 
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television use. However, some applications may find that the resultant 
12 cycle flicker is excessive. 

SHADING 

Of particular note, among the desirable characteristics of the Vidi- 
con, is the fact that, since it is a photoconductive device rather than a 
photomissive one, it is free from the charge redistribution effects which 
exist in the iconoscope and the image orthicon. This allows the genera- 
tion of an absolute black level in the output signal and greatly reduces 
the shading problems. In contrast with the iconoscope, there is no 

need for back and edge lighting of the scanned area. It is also worthy 
of note that the combination of very good S/N ratio and an absolute 
black level will produce a picture source very much better than previous 
type cameras for special effects applications such as the montage, 
where keying signal is produced from picture video.3 

TRANSFER CHARACTERISTIC 

There is one other characteristic in which the Vidicon is quite 
different from other camera tubes and that is its transfer character- 
istic. The Vidicon transfer curve on a log log plot is nearly straight 
over a very wide range and shows no "knee" such as is obtained with 
the image orthicon or the iconoscope. The transfer characteristic of 

the- Vidicon is shown in Figure 5. It is seen that the average slope of 

the transfer curve is about 0.65. In general, the effect of such an 
extended transfer characteristic is to give pictures of high contrast 
and range in the studio where the incident lighting is controlled and 

where the monitors have good highlight reproduction capability. The 

brightness range may, however, be somewhat excessive for the home 

receiver where the incident illumination is relatively high and the 
highlight capability low. It has been standard practice' to make the 
gamma of motion picture film lie between about 1.4 and 2.0 to make 

up for the loss of color. Using film of this type, it would be desirable 
for the over -all television system to have a gamma of about unity. (A 

gamma of 1.0 would be too low for studio or field use.) The gamma 

factors of the Vidicon and of the kinescope are fortunately somewhat 

complementary (0.65 for the Vidicon and about 2.0 for a kinescope 

under favorable conditions) . The over -all gamma, assuming that the 

rest of the system is linear, would then be approximately 1.3. This 

3 W. L. Hurford, "Combined Special Effects Amplifier for TV," Tele 
Tech, pp. 50 -94, November, 1951. 

4I. G. Maloff, "Gamma and Range in Television," RCA Review, Vol. 
III, pp. 409 -417, April, 1939. 
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figure may still be high for some home viewing conditions, resulting 
in compression of picture blacks. Because of this it may be desirable 
to modify the transfer characteristic of the equipment at the station 
to provide a gamma less than unity. 

OPTICS 

The small size of the Vidicon tube makes possible a small camera 
which is readily adaptable to a variety of mounting and multiplexing 
arrangements. The small picture diagonal also makes it easier to get 
fast lenses with short focal length. The short focal length gives a 
greater depth of focus than longer focal length lenses, facilitating 
setup of the optics in a multiplexing arrangement. 
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Fig. 5- Vidicon transfer characteristic. 

SPURIOUS SIGNALS 

One bothersome characteristic of the Vidicon tube is the generation 
of a spurious white signal at the edges of the scanned area. This signal 
is generated at all four sides of the scanned area but only shows up at 
the bottom of the picture when no steps are taken to eliminate it. This 
white signal does not show at the top or the left side of the picture 
because both horizontal and vertical flyback are complete and the 
forward trace has begun before the beam is unblanked. That is, the 
white signal has been generated but was covered by camera blanking. 
The white line at the right hand side of the picture is delayed by the 
amount of the camera cable delay and is then covered by the receiver 
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blanking so that it does not appear in the transmitted picture. The 
white line at the bottom of the picture although of the same width 
physically, on the photosensitive surface, is on a different time scale. 
It is about 2 or 3 lines in duration, hence camera cable delay and re- 
ceiver blanking cannot operate to blank it out as they do for the right 
hand side. The manner of elimination on left, top and particularly the 
right hand edge, however, point the way for elimination of the line at 
the bottom of the picture. It is only necessary to delay vertical drive 
feeding the vertical sweep generator and also the vertical component 
of camera blanking so that standard receiver blanking will cover the 
white line generated by the camera. 

THE TYPE TK -21 VIDICON FILM CAMERA EQUIPMENT 

The TK -21 Vidicon film camera equipment was designed around 
the type 6326 Vidicon film pickup tube. The superior performance of 
this tube for film pickup use leaves little doubt but that the Vidicon 
tube will meet with universal acceptance in the field of television broad- 
casting. The major networks, as well as a number of stations in the 
field, are using this or a prototype of this equipment with success. The 
results have been such that it is difficult for an observer in the home 
to detect the difference between a "live" and a film broadcast. 

Early in the design stage of this equipment, a decision was made 
to make the camera as small as consistent with good performance, to 
place only those components which were absolutely necessary in the 
camera, and to locate the remainder of the electronic circuitry in a 
standard rack where accessibility is at a maximum and where ventila- 
tion problems are at a minimum. Additionally, a control panel, which 
makes use of d -c controls, was to be located externally from the rack. 
This has been done in the design of the TK -21 film camera equipment. 

This equipment consists of a Vidicon camera, a Vidicon control 
chassis, a Vidicon deflection chassis, a remote control panel, a master 
monitor, and two regulated power supplies. A block diagram of the 
film chain is shown in Figure 6. 

VIDICON CAMERA 

A side view of the camera with the cover removed is shown in 
Figure 7. The Vidicon tube, along with the deflection components, is 
located in the lower half of the unit. The video amplifier is located on 
a heavy, shock -mounted chassis at the top toward the front, while the 
blanking amplifier is located on the main chassis toward the top rear 
of the camera. The camera is connected to the rack -mounted units by 
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Fig. 6-TK 21 Vidicon film camera equipment. 

means of a 24- conductor cable, three of the conductors being coaxial 
lines. The cable and connector are visible in Figure 7. 

The output of the Vidicon feeds a cascode amplifier which makes 
use of a Type 417A high -transconductance triode as the input tube 

Fig. 7 -Side view of the Vidicon camera with cover removed. The Vidicon 
tube and deflection components are located in the lower half of the camera. 
The video amplifier sub -chassis is located on the forward half of the shelf. 

t 
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and a 12B4 high -perveance triode as the output tube of the amplifier. 
It is necessary to operate the 417A at the upper limit of its rated 
current to realize the g,,, of approximately 25,000 micromhos. With 
this high gm tube, heater voltage variations will result in tube current 
changes, which in turn vary the gain of the stage. A method of gain 
stabilization is used in the cathode circuit of the cascode stage as well 
as the following stage. The gain of the stages is within ±5 per cent 
over a +10 to -20 per cent change of heater voltage. It i s interesting 
to note that, without gain stabilization, a -10 per cent change in 
heater voltage will drop the gain by about 40 per cent. To accomplish 
this stabilization, the cathode resistance is increased by about ten 
times normal value. The grid resistor is returned to a positive voltage 
to set the tube to the required operating plant. The cathode circuit 
then tends to hold the tube current to a constant value. 

A cathode follower stage and a high -peaker stage in series, an ar- 
rangement which makes double use of the current, follows the cascode 
preamplifier. Because of the low input capacity of the cathode follower 
which is d -c coupled from the input stage, greater gain for a given 
bandwidth is realized from the cascode stage. An actual gain of ap- 
proximately sixty for a bandwidth of 8 megacycles is realized from 
this amplifier. Following the high -peaker stage is a feedback type 
output stage which feeds .75 volt, peak -to -peak, to a 51 -ohm line 
terminated at the Vidicon camera control chassis. 

A composite blanking signal from the control unit is amplified and 
coupled to the cathode of the Vidicon to blank out the beam during 
the vertical and horizontal retrace time. 

The deflection components are mounted along with various de- 
coupling resistors and capacitors in the lower half of the camera, which 
is shown in Figure 7. Since the deflection driving tubes are located 
remotely from the camera, the horizontal and vertical windings of the 
deflection yoke function as terminations of transmission lines. In the 
horizontal case, the winding is a part of a constant impedance network 
which terminates a 51 -ohm coaxial line while the vertical winding 
terminates directly an open wire pair in the camera cable. The deflec- 
tion yoke is so designed that the horizontal and vertical windings may 
be rotated with respect to each other in initial adjustments for a 
minimum of geometric distortion. The focus coil is universally wound 
to achieve a highly uniform focus field for the Vidicon. 

A heavy 1/16 inch thick mu -metal cylindrical shield, which has been 
hydrogen annealed after fabrication, encloses the focus coil. The 
purpose of this cylinder is twofold: to shield the Vidicon from stray 
fields, and to provide a return path for the deflection field. The align- 
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ment coils are located behind the focus coil over the end of the Vidicon 
gun structure and are used to orient the electron beam in the desired 
direction. 

VIDICON CAMERA CONTROL CHASSIS 

The function of the camera control is to process the signal from 
the camera in such a manner that the output signal is in a form to 
feed directly to the modulator of a television transmitter. Some of the 
functions of the unit may or may not be used. Consider now the 
Vidicon camera control chassis, which is shown in Figure 8. The top 
unit is the camera control chassis, while the lower is the deflection 

Fig. 8 -The camera control chassis, upper unit, and deflection chassis, 
lower unit, mounted in standard rack. 

chassis. The output line from the camera is terminated and the signal 
amplified in the first stage of this unit. A second high -peaker stage, 
which supplements the one in the camera and which compensates for 
short time constant streaking, follows the input stage. A gain -control 
stage follows, which is controlled by d -c from a gain control located 
on the remote control panel. The aperture circuits follow; these consist 
of a line driver, a delay line, and a mixing amplifier where fixed 
amounts of high- frequency boost may be added to the signal as desired. 
To accommodate both positive and negative film materials, both polari- 
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ties of video signal are made available by the following phase splitter 
stage. A video relay controlled from the remote control panel selects 

either plate or cathode output. 
Next is a blanking modulator and clipping amplifier. The grid 

of this tube is clamped while the standard blanking signal is mixed 

in the cathode circuit. The blanking clipping function occurs in the 

pike circuit of this stage. The following video amplifier stage feeds 

a combination of several tubes which form a feedback -type output 
stage. Three low- impedance and well isolated outputs make possible 

input and output terminations of outgoing lines. Synchronizing signals 

may be mixed with two of these outputs. Several other stages which 

will not be discussed include a clamp pulse generator; synchronizing, 
setup, and blanking amplifiers; a bias voltage rectifier; and a bias 

voltage regulator. 
A Vidicon picture without aperture compensation tends toward a 

soft appearance due to the aperturing effect of the scanning beam. A 

curve showing this effect is presented in Figure 1. Note that at 400 

television lines or 5 megacycles the response is down to 30 per cent of 

the low- frequency response. In the Vidicon camera control, aperture 
compensation is added which brings up the "snap" and detail of the 
picture to exceed that of other pickup devices. 

DEFLECTION CHASSIS UNIT 

The primary function of the deflection chassis unit is to supply 

deflection and blanking voltages to the Vidicon camera. In addition, 

the unit includes a focus current regulator, a signal electrode current 
amplifier, and a Vidicon protection circuit. The chassis in the lower 

half of Figure 8 is the deflection chassis. 

Horizontal driving pulses received from the synchronizing gen- 

erator are amplified and differentiated, and the leading edge of the 
pulses are used to trigger a stabilized multivibrator circuit. The multi - 

vibrator circuit produces a driving pulse the width of which is ad- 

justable to key a sawtooth generator. The width and amplitude of 

this generated drive pulse is practically independent of the amplitude 

and width of the incoming drive pulse from the synchronizing gen- 

erator. The amplitude and width of this incoming pulse may vary from 

less than 50 to over 150 per cent of normal value without affecting the 
output of the multivibrator. The output of the sawtooth generator is 

amplified and fed to the grid of a 6CD6 tube operating in class A. 

The output is transformer coupled to a 51 -ohm line which feeds the 

camera deflection yoke. Feedback from the plate of the output stage 

to the cathode of the previous stage is utilized to improve linearity, 
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which in this chain is accurate to within ±1.5 per cent of picture 
height. 

The vertical deflection section of this unit must furnish deflection 
power which is delayed about 200 microseconds with respect to the 
vertical driving pulses from the synchronizing generator. The purpose 
of this delay is to eliminate the white line that normally occurs at the 
bottom of a Vidicon picture. A simplified combination pulse delay and 
sawtooth generator circuit is utilized in this unit. 

The vertical -drive signal is applied through a diode to trigger a 
multivibrator, which generates a delayed drive pulse as well as a 
sawtooth voltage. This voltage is fed to the vertical output stage which 
is a cathode follower, the output line being connected in the cathode 
circuit. Feedback is used in the form of a voltage from the output 
cathode fed back to the center of the sawtooth charging resistor. The 
voltage reference to which the sawtooth capacitor charges varies with 
the sawtooth being generated. The output sawtooth, rather than being 
an exponential curve, is nearly linear, which results in vertical deflec- 
tion linearity accurate to within ±1 per cent of picture height. 

The purpose of the Vidicon blanking pulse is to render the beam 
active only during the forward scan. Normally, vertical and horizontal 
driving pulses are mixed and used for camera blanking. However, in 
the case of the Vidicon, the vertical pulse must be delayed, and it is 
desirable that the horizontal pulse be somewhat wider than retrace 
time. 

In the vertical case, a delayed positive pulse is available from the 
multivibrator circuit. One of the waveforms of the horizontal multi - 
vibrator circuit has a sharp rise time and a relatively long decay time. 
By using this pulse in an adjustable clipper circuit, a pulse is obtained 
with a fixed leading edge and an adjustable trailing edge. This width 
is adjusted to cover up the horizontal deflection retrace. The two 
vertical and horizontal pulses are combined and fed to the camera 
through a coaxial line. 

A Vidicon protection circuit is provided to prevent damage to the 
tube in case of deflection failure. In the vertical case, voltage across 
the yoke is amplified and rectified, and in the horizontal case, the large 
pulses across the primary of the horizontal output transformer are 
rectified. These two d-c voltages are utilized to bias on a 6AS6 tube 
in which a relay is connected in the plate circuit. Loss of either one 
of the voltages biases off the tube which causes the relay to drop out. 
This removes the wall voltage and grounds the wall electrode of the 
Vidicon causing the beam to become completely defocussed, preventing 
damage to the signal electrode. 
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Current to the focus and alignment coils in the Vidicon deflection 
yoke assembly is supplied from the deflection chassis unit. The voltage 

across a series resistor is applied to a direct -coupled amplifier, which 
in turn controls a series regulator. Regulated current is then supplied 
to thé focus coil despite the fact that the total resistance of the circuit 
can vary considerably due to adjustment of the alignment coils, and 
heating. To set up and operate a Vidicon camera properly, it is desir- 
able that the operator know the signal electrode current and voltage. 
The measurement of the voltage presents no problem. However, meas- 
urements of the signal electrode current does present somewhat of a 

Fig. 9- Vidicon remote control panel. The unit is mounted in a standard 
console housing. A portion of the master monitor is visible in the upper 

center. 

problem in that normal values are in the vicinity of 0.25 microampere. 
To do this, a bridge type of d -c amplifier is used to enable a 100 micro- 
ampere meter to indicate full scale deflection at 0.5 microampere. The 
meter amplifier is located in the deflection chassis, while the meter is 
located in the remote control panel where it is visible to the operator. 

REMOTE CONTROL PANEL 

The remote control panel, as previously indicated, is located at the 
operating position in the console housing where the main master 
monitor is located. Operating controls such as gain, pedestal, beam, 
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and signal electrode voltage, as well as setup controls for size and 
centering and focus, are located in the panel. A "standby" as well 
as "on the air" tally, and a signal electrode current meter, provide a 
visible indication of the functioning of the system. Figure 9 illustrates 
the control panel mounted in the console housing. A portion of the 
master monitor is visible in the picture as well as a portion of the 
image orthicon studio camera control at the left and the power 
switching panel at the right. 

OVER -ALL OPERATION 

Two modes of operation are possible for film pickup; the camera 
may be mounted directly on a projector by means of a bracket as is 

1 
Fig. 10- Vidicon camera mounted directly on a 16- millimeter projector. 

shown in Figure 10, or the camera may be mounted in a multiplexer 
as is shown in Figure 11. Use on a single projector is very convenient, 
but is somewhat uneconomical. Use of the camera with a multiplexer 
adds more complications so far as optical alignment is concerned; 
however, two movie projectors, one 2 X 2 inch transparent slide pro- 
jector, and a single 4 X 5 inch opaque projector may be utilized 
with a multiplexer. 

Because of the small size of the optical image (0.6 inch diagonal) 
on the face of the Vidicon, the problem is more involved than it is 
with the iconoscope film camera where the image is 4 X 5 inches. 
With a standard 4 -inch projection lens, the 4 X 5 inch image is 
about three feet away from the projector. However, with the Vidicon, 
a 16- millimeter frame must be projected on the face at a 1 to 1 ratio. 
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This brings the camera up close to the projector and makes multi- 

plexing with the regular mirror method practically impossible. 

A shadow box or rear screen projection and front screen projection 

have been tried with unsatisfactory results; the camera made use of 

a lens as in direct pickup use. The screen material adds grain to the 

picture, and the loss of light is serious. If the screen of a shadow 

box is replaced with a large lens, these objections are removed. 

Therefore, a system was designed so that a 3 X 4 inch image is 

projected into the plane of a 5 -inch lens. The lens acts as a collector 

and produces a cone of light down to a size where the camera lens 

can utilize the entire picture without much loss of light. 

Fig. 11- Vidicon camera multiplexer. Permits four picture inputs to be 
fed to a single camera. 

By making use of dichroic mirrors, two field lenses, and one sliding 

mirror, it is possible to make use of the four projector inputs men- 

tioned above. The whole assembly is covered with a dust -tight cover. 

The images are projected through optical flat glass into the multiplexer. 

Figure 11 shows the multiplexer system in operation. Note the 2 X 2 

inch slide projector at the left and the large lens of the opaque pro- 

jector just visible at the right. Only one motion picture projector is 

shown in the photograph. However, the window through which the 

light from a second projector must pass is visible in the picture. 

Figure 12 shows another view of the Vidicon optical multiplexer with 

the dust cover removed. The dichroio mirrors and the two field lenses 

are visible in the picture. 



388 RCA REVIEW September 1954 

Fig. 12- Vidicon camera multiplexer with dust cover removed. The mirrors 
and field lenses are visible in the picture. 

CONCLUSION 

The Vidicon pickup tube, a relatively new tube in the television 
broadcasting field, has proved its worth in both the laboratory and 
field as a film pickup tube. The TK -21 Vidicon film pickup equipment 
has made possible a new high in quality of film reproduction for 
television broadcasters. 
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Summary -If the transfer function of a linear passive network is 

defined as the output response divided by the input driving force, it can, be 

written in either polar or Cartesian form, T(w) ete(w) = P(w) i Q(w), 
where T(w) is the amplitude response, 0(w) is the phase characteristic, 
P(w) is the in -phase component, and Q(w) is the quadrature component. 

The transient response to a unit -step function, A(t), can be determined 

within a constant from either P(w) or Q(w) alone. P(w), Q(w),, and A(t) 
are all related, and any one can be used to compute the other two. The 

derivation of these relations is valid for networks with either distributed 

or lumped constants, including transducers, and the question of minimum 

phase does not arise. 
A graphic method is described for computing A(t) from either P(w) 

or Q(w) and universal curves are included. 

Equipment is described which sweeps P(w), Q(w), or a polar plot of 

T(w) and 0(w) directly. An intensity frequency marker circuit is included 

which produces multiple, harmonically related dots on the sweep response. 

It is also possible to sweep the departure from phase linearity. By a 
heterodyne process the sweep can be used on low -pass or band -pass systems. 

INTRODUCTION 

Fourier's Theorem is not only one of the most beautiful 

results of modern analysis, but it may be said to 

furnish an indispensable instrument in the treatment 

of nearly every recondite question in modern physics. 

-Lord Kelvin and Peter Guthrie Tait, Treatise on 

Natural Philosophy. 

OR many years electronic engineers have been accustomed to think 

of the amplitude and phase response of the networks being de- 

signed for various applications. The laboratory test equipment 

includes oscillators, voltmeters, wave analyzers, etc., to measure the 

response to steady -state sine waves. Their educational background 

has taught the engineers to think in terms of steady -state network 

t henry. 

Decimal Classification: 8143. 
f A substantial portion of the experimental part of this paper is being 

presented at the National Electronics Conference, Chicago, Ill., on October 

ti, 1954. 
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As the circuits become more complicated it is found that in many 
cases we do not have sine waves in the network. We are now thinking 
in terms of unit -step, ramp, sawtooth, and such wave forms, as well 
as the response to various pulses. In equipment where phase linearity 
is important it is now fairly common to use nonminimum net phase 
shift circuits, where the usual relations between amplitude and phase 
responses do not hold. 

When an attempt is made to predict the transient response of a 
network from the steady -state response, it is necessary to consider 
both the amplitude and phase response, since it may not be known 
that the circuit is minimum phase. This is a difficult thing to do since 
it is necessary to work with two variables. 

In this paper, it is shown that the amplitude and phase responses 
are not true parameters of the network. New parameters are intro- 
duced which completely specify the network and give a one -to -one 
correspondence between the transient and the steady -state response in 
all cases. It is no longer necessary to ask whether the network is mini- 

Fig. 1- Network with two pairs of terminals. 

mum phase. Graphic methods for finding the relations between the 
parameters are given and test equipment is described. 

STEADY -STATE RESPONSE OF A NETWORK 

In the linear, passive network of Figure 1, suppose that a sinu- 
soidal steady -state driving force el is applied to the input terminals. 
Let the resulting sinusoidal output response be e2. The actual quan- 
tities may be voltages, currents, velocities, amplitudes, or other such 
quantities. The input and output signals need not be similar; one can 
be a current and the other a voltage, etc. The two sine waves can be 
written 

e1= E1 sin (cot + rk1) , (1) 

e2 = E2 sin (wt + 02), (2) 

where w is the angular frequency and t is the time. Let the transfer 
function of the network be T (w) and the phase response be O (w) . 
Then, by definition, 
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T (w) _ E2 (3) 
E1 

and O (w) = 02 -951= angle of lead. (4) 

In general, T (w) is an even function of frequency, and O (w) is an 

odd function of frequency. 
Since the system is assumed linear, the individual responses to 

any combination of waves can be added together to find the resultant 

output response. The steady -state solution for the response of the 

network of Figure 1 to a complex periodic input wave 

.0 

el = LE,, cos (no,ot + CO 
n=0 

(5) 

can be obtained by modifying the amplitude and phase of each term of 

Equation (5) in accord with T (w) and O (0)). The sum is then evalu- 

ated to give 

.0 

e2 =EET (nwo) cos [moot + On + O (noo) ] (6) 
n=0 

FOURIER INTEGRAL FOR STEP- FUNCTION RESPONSE 

When the driving force is not periodic, the same process can be 

used. The spectral density of the driving force F (t) , per cycle of 

bandwidth, is 

' co 

G (w) = f F (t) e-!wt dt. (7) 

The component of the complex input wave at frequency w can be 

written as 
Differential driving force = G (w) eu,t df. (8) 

If each component of this differential driving force is modified in 

accord with T (w) and O (w) , and the results integrated to give the 

total response, the result is 

R(t) = T (w) GOD) et [wt-1-B(0] df 
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_= T (w) G (w) ei twe+econ 
2r (9) 

which is the Fourier integral for the transient response to the applied 
driving force. 

When the driving force is the unit -step function, U(t), applied 
at the origin, the spectral density is 

is 

1 

G (0)) = -. (10) 

By Equation (9) the response of the network to a unit -step function 

1 » T(W) 
A (t) _ __ ei cee+ocu:re 

.) -i n 

p 

p plane 

w 

Fig. 2 -Path of integration. 

At the origin, if there is a pole, the path of integration must be 
deformed slightly to go below the pole, as shown by the small semicircle 
of Figure 2. This corresponds to a small amount of damping on the 
driving force, and prevents the transient from growing without limit. 

The integral around the semicircle at the origin is ,ri times the 
residue at the point, or 

1 1 
Integral over semicircle = iri - T(0) _ -T (0) . (12) 

27rí 2 

Since T (w) = T ( -(0) and 0(w) =-0(-(0), Equation (11) can be 
written 

1 1 ` T(o)) 
A ( t ) _ -T (0) + - sin [Wt + 0 (W) ] (hi), 

2 r o u, 

where T (0) is the response of the system to zero frequency; it is the 
final steady -state value after the transient has died away. 



COMPLETE SPECIFICATION OF A NETWORK 393 

RELATIONS BETWEEN THE IN -PHASE AND QUADRATURE COMPONENTS OF 

A NETWORK AND THE TRANSIENT RESPONSE 

If the transfer function of a network is T (w) and the phase re- 

sponse is O (w) , the in -phase and quadrature components can be written 

P (w) = T (w) cos 0 (w), (14) 

and Q (w) = T (w) sin 0 (w) , (15) 

so P (w) + i Q (w) = T (co) eiO(w). (16) 

It is known from the physics of the network that T (w) is an even 

function and 0 (w) is an odd function of w. Therefore 

P( -w) = P(+(o), (17) 

(2 (-00 =- Q( +(0), (18) 

P(0) = T (0) , 
(19) 

and Q (0) = 0. (20) 

The response of the network to a unit -step function at T = 0 is 

1 1 "c' T(w) 
A (t) = -T (0) + - sin [wt + O (w) ] do) (13) 

2 7r 0 w 

1 1 1 

_ -P (0) + - - [T (w) cos 0 (w) sin wt 
2 7r o w 

+ T (w) sin 0 (w) cos wt] dw 

1 1 P(w) 
--P(0) +- sinwtdw 

2 7r ,, 0 w 

1 Q (w) 
{ - cos wt dw. (21) 

7r 0 w 

This equation is valid for all values of time - oo <t< co. 

It is a requirement of any physically realizable network that the 
network must not respond before the signal is applied. For t <0 the 
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unit -step function has not been applied and the response is zero. Thus, 
changing t to --t in Equation (21), 

1 1 ' P (w) A(-t) =-P(0) -- sin wt do, 
2 7r o (o 

1 Q (0)) 
+ - cos wt dw = O. (22) 

7r o w 

t>0 
Subtracting Equation (22) from Equation (21) 

2 °° P (w) 
A (t) = - sin wt dw. (23) 

7r o m 

t>0 
Adding Equations (21) and (22) 

2 

o 

Q (w) 
A (t) = P(0) -- - cos wt do). (24) 

7r w 

t0 
Equation (23) shows that the in -phase component, P(w), of the 

transfer function completely determines the response to a unit -step 
function. Similarly, Equation (24) shows that the quadrature com- 
ponent, Q (w), determines the step- function response uniquely except 
for the final steady -state value P (0) . 

By differentiation of Equations (23) and (24), the impulse re- 
sponse is 

2 
h (t) = S (t) A (0) + - / P(w) cos wt dw (25) 

7r fo 

00 

2 °° 

= A (0) S (t) - - Q (w) sin wt dw, 
7r o 

t>0 

(26) 

whenever the integrals exist. S (t) is the unit -impulse function. This 
shows that either the in -phase or quadrature component of the network 
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completely determines the transient response to a unit impulse, within 

a constant. 

REVIEW OF ASSUMPTIONS MADE 

Since Equations (23) and (24) are the foundations for the rest of 

this paper, the conditions under which they were derived will now 

be summarized. 

1. The network must be linear and passive. If amplifier tubes 

are used they must be used only to provide a change in level, 

with no distortion, and they must not produce sustained oscil- 

lations. 

2. The transfer function, T (w) , of the network is the ratio of the 

output amplitude E2 to the input amplitude El, for a steady - 

state sine -wave input. E1 and E2 may be any two similar or 

dissimilar but related quantities, such as current, voltage, 

velocity, force, etc. The results also apply to a two -terminal 

network if E1 and E2 are the two input quantities. 

3. A physically realizable network must not respond before the 

driving force is applied. This is a very important condition and 

is the assumption that enabled the step- function response to be 

determined uniquely from either the in -phase component or 

the quadrature component. Later it will be used to determine 

the relation between P (w) and Q (w) . Whenever the solution 

for the transient starts before the driving force is applied, it 

is an indication that non -physical assumptions have been made 

for T(w) or 0(w). 

4. The network may consist of either distributed or lumped con- 

stants, or a combination of the two. It may include transducers 
if they are linear. 

5. The network need not be of minimum net phase shift type; the 

question is not raised. 

6. The parameters of the network must not vary with time ; T (w) 

and O (w) are functions of frequency only. 

DERIVATION OF FOURIER IDENTITY 

The response of a network to a driving force F (t) is 

00 

R (t) -f T (co) GOO es [wi+ecw>]&,, 

27r 

1 
(9) 
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OD 

where G(w) = f F(t) a 'wt dt, 
-m 

(7) 

T(w) is the transfer function, and OM is the phase response of the 
network. 

Let the network be a direct connection with no impedance in series 
or shunt, so T (w) = 1 and 0(e) = 0 at all frequencies. Then the 
response must be the same as the applied driving force, or 

OD 

1 

.. 
F(t) _- G(w) eiwt d,,,, _ .. _ 

where G(w) = / F(A) e kA d,\ 

1 °° 

or F(t) _- c140 c140 F(a) ei4(ral d.\, (27) 
2r 

where F(t) may be real or complex. 
Since the Fourier identity is the limiting form of the Fourier 

series, the conditions on F(t) are essentially the same as for the 
series. For the purpose of this text, F(t) must be a bounded, single - 
valued function with not more than a finite number of maxima and 
minima, and a finite number of finite discontinuities in any finite 
interval. F(t) must have absolute convergence; this means that the 

integral F(A)' d.\ must exist. The Fourier identity converges 

to F(t) at all points where F(t) is continuous, and converges to the 
average of the right and left hand limits of F(t) at each point where 
F(t) is discontinuous. If F(t) is complex, the real and imaginary 
components must each satisfy the above conditions. 

Equation (27) can be rewritten 

1 ° 

F(t) =- f 27r 

1 0° +- 
2a O 

dW F(A) eiWlt dA 

dw F(,\) eiW(t) d.\ 
.1 
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1 O0 

_ - do) 
2r 
f F(,\) re;W"a) .+ etwua)] d,\ 

1 =- dw F(J) cos 0)(t -,\) d,\ (28) 
a o co 

= - cos mt dh,, F (A) cos (0A. dÀ 

71. o 0o 

'70 00 
1 

-} - sin wt dom, F (X) sin (0X dÀ. (29) 
o Joe 

If F(X) is an even function of X, then 

a. 

sin wX d,\ = 0 (30) /F(x) 

if there are no poles on the axis, since the integrand is then odd. If 
F(À) is an odd function of X, then 

F(X) cos wÀdÀ =0 (31) J 
if there are no poles on the axis, since the integrand is then odd. 

Thus we have the Fourier cosine formula 

°° °° 

F (t) _ - cos wt dw F (X) cos wÀ dX (32) 
o 0 

if F (X) is even, and the Fourier sine formula 

00 
2 

F (t) =- sin wt dw F(,\) sin w\ d,\ (33) 
o o 

if F (X) is odd. 

DERIVATIONS OF RELATIONS BETWEEN THE IN -PHASE AND QUADRATURE 

COMPONENTS OF A NETWORK 

From Equations (23) and (24) 
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and 

2 ° P (a,) 
A (t) _ - sin wt da,, t > 0 (23) 

7 o 

2 Q(w) A(t) =P(0) -}-- cos a,tda,, t 0 (24) 
r o v, 

Make the change of variables w -> A and t -+ u, and equate the two 
integrals. Then 

P(0) 
71- 

2 Q () 
o 

2 °° P(x) 
cos Au da. =- sinAudA. (34) rio A 

Multiply both sides of the equation by e-au cos a,u du and integrate 
from 0 to oo. 

2 ' Q(X) e- au cos wu du + - - d, 
n o 

o 

2 P(A) 
= dA 

A 

By means of the known relations) 

and I 
fo 

e -au cos Au cos wu du 

e -au sin Au cos wu du. (35) 

00 

e -au cos wu du = 
a 

a2 w2 
, a > 0 (36) 

00 .l (a2 -I-.l2 -w2) 
e-au sin Au cos cuud.u= 

(a2 A2 - ,2) 2 + 4a2w2 
a > 0 (37) 

the first integral of Equation (35) becomes, in the limit as a --* 0 

lim P (0) e-au cos a,u du = 0 a --> 0 
o 

by Equation (36) . 

(38) 

1 Wolfgang Gröbner and Nikolaus Hofreiter, Integraltafel, Zweiter 
Teil, Bestimmte Integrale, Springer -Verlag, Wien and Innsbruck, 1950, 
p. 135, Equations (2a), (6b). 
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The second integral of Equation (35) becomes, after inversion of the 
order of integration, 

a ro o 

2 Q(X) 1 0- dA e-au cos Au cos wu du 

lim 2 n 0 
e-au cos wu du f 

Q (w) 

va 

cos Au dA 

by Equation (32), since Q (A) /A is an even function of frequency. The 

integral on the right side of Equation (35) becomes, in the limit 

lim 2 P(X) 
a->0 

o 

dA 

2 P(A) 

- A2 - w2 

by Equation (37) . The sign 

00 

dA 

e -au sin Au cos wu du 

(40) 

means the Cauchy principal value.2 

When Equations (38), (39), and (40) are substituted into Equation 
(35), the result is 

2a, P (A) 
Q(w) =- dA. r A2 - 0)2 

By means of the known results 

(41) 

d\ - = 0, w 0. (42) 
A2 - 2 

2 If there is a singularity at x= a, a < a < b, then 
b a-E b 

lim r f f(x)dx,+ f Î(x)dx e~0 [fa 
a+E 

3 Reference (1) , p. 14, Equation (lob) . 
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Equation (41) can be rewritten 

2w 
w P (X) 

Q(0)) _ - da., 
7r 0 Á2-w2 (43) 

where it has been written in this form to eliminate the pole at A = w. 
To derive equivalent results for computing P (w) from Q(w), multiply 
both sides of Equation (34) by e-au sin wu du and integrate from 
0 to oo. 

2 

p 

CO 

P (0) e-au sin wu du + - d1l e- au cos Au sin wu du 
0 7r 

o 

2 °° P(l) 
_ - d 

o o 

By means of the known relations4 

and 

1 

I. e -au sin wu du = 

e -au cos Au sin wu du = 

e -au sin Au sin wu du. (44) 

w 

«2 
« > 0 (45) 

w (a2 + (02 - A2) 

(a2 + (02 -ñ2)2 + 4«= 2 
« > 0 (46) 

the first integral of Equation (44) becomes in the limit as a - 0 

lim P(0) P(0) e- ausinwudu= 0 o w 
(47) 

in accord with Equation (45). The second integral of Equation (44) 
becomes in the limit 

him 2 fcoQ(A_dA - 
o 

e -aucosAusinwudu 

20, 

p 

°° Q (X) 
= d. 

7r A (w2-Á2) 

4Reference (1), p. 135, Equations (la), (6b). 

(48) 
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in accord with Equation (46) . If the order of integration is changed 

in the integral on the right -hand side of Equation (44), we have 

lim 2 
a-40 a 

P(0)) 

(., 

/ 
f e-au sin wu du 
o 

fosin Xuda 
P 

(J1) 

(49) 

in accord with Equation (33) , since P MA is an odd function of A. 

Substituting Equations (47), (48), and (49) into Equation (44), we 

have the result 

2u,2 

0 

Q (X) 
da. (50) P (a)) -P (0) _ - 

o A. (A2 2- z 

Using Equation (42), Equation (50) can be written 

P(w) -P(0) _ - 
Q (À) Q(w) 

2(02 

a Jo 
A2 (1)2 

da. 
(51) 

Equation (51) was written in this form to remove the pole at A = w. 

RESTRICTIONS ON THE DERIVATIONS 

It should be noted that there are very few restrictions on the above 

derivations. It was assumed that the linear network satisfied the 

condition that the transfer function is single -valued, bounded, has not 

more than a finite number of finite discontinuities and a finite number 

of maxima and minima in any finite interval. The integral 

P (A) 
dA must converge absolutely. The question as to 

whether the network is of minimum phase does not arise. It is re- 

quired that the network must not respond before the signal is applied; 

this is a requirement of a "physical" system. It is not necessary to 

know whether the network is formed of lumped constants, distributed 

constants, or whether it includes transducers for changing from one 

kind of a system to another, such as from an electrical system to a 

mechanical one. 
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When Equation (43) is used, it is evident that the in -phase com- ponent P (w) completely and uniquely determines the quadrature com- ponent Q (w) . It also completely and uniquely determines the transient response to a unit -step function, as shown by Equation (23) . It is therefore a true parameter of the network. 
If the transfer function, T (w) , and the phase response, 9 (w), of a network are given, it is possible to compute the transient response from Equation (9). It is not possible to use either one alone to find the transient unless it is known that the network has a minimum net phase shift. 
In Bode's' book on networks, he has shown that the relations de- rived in Equations (43) and (51) give the relation between T (w) and 

9 (w) if T (w) is expressed in a neper or logarithmic scale and 9 (w) 
is in radians. In a transfer function of nonminimum -phase type, there 
will be zeros of the function in the right half of the complex frequency 
plane. When the logarithm is taken, the zeros become negative poles 
since loge 0 = -co. When Bode derived his equations, he used a contour integral which surrounded the right half of the complex frequency 
plane and he assumed there were no poles in the right half plane. If there are such poles it is necessary to add some correction terms to 
his formulas.6 Since poles of P(0)) in the right half plane indicate an 
active, unstable network, they will not exist in the passive networks 
we are considering. Therefore, Equations (43) and (51) will always 
hold for P(10) and Q (w) and the question of minimum phase shift 
need not be raised. It is permissible to have zeros of P ((o) or Q (w) 
in the right half plane since the logarithm is not taken. 

ONE -TO -ONE CORRESPONDENCE OBTAINED 

In general, it is difficult to examine a network to decide whether 
it is minimum phase. For example, in a bridged -T network it may be 
minimum or nonminimum phase depending upon the numerical values 
of the circuit constants. The recent developments in color television 
receivers indicate that the circuits where accurate control of the 
transient response is important will usually be nonminimum phase 
to preserve phase linearity. For this reason it is desirable to discon- 
tinue the use of sweeps for measuring T (w) and to replace them with 
sweeps for displaying either P (w) or Q (w) . Then there will be a 
one -to -one correspondence between the frequency response and the 

5 Hendrik W. Bode, Network Analysis and Feedback Amplifier Design, D. Van Nostrand Company, Inc., New York, N. Y., 1945, Chapter 14. 
6 François -Henri Raymond, "Transformées de Hilbert et Relations de Bayard- Bode," Annales des Télécommunications, Vol. 6, pp. 262 -272, October, 1951. 
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transient response in all cases. This will make it much easier to predict 

how each part of the P (w) or Q (w) response will affect the transient 
response. 

When Equation (51) is compared with Equation (24), it is evident 

that the quadrature component, Q (w) , of the network also completely 

and uniquely determines the in -phase component, P(w), and the unit - 

step response, A (t) , within an arbitrary additive constant, P (0) . 

This leads to a very interesting conclusion. If a certain network 

with in -phase component P(w) has a unit -step response A(t), then 

the w -axis can be moved up or down by any arbitrary amount P(0) 

simultaneously on the two curves. For example, in Figure 3(a), let 

the low -pass filter of characteristic P (w) have the step response A (t) 

of Figure 3 (b) . Then the low -pass filter can be changed to a high -pass 

filter by moving the origin up to 1, as shown by the dotted line. The 

change in Figure 3 (b) will be to move the origin exactly the same 

amount, as shown by the dotted line. 

P(w) 
A(t ) 

Fig. 3 -(a) (left) In -phase component of network; 
(b) (right) Unit -step response of network. 

DERIVATION OF RELATIONS BETWEEN A (t) AND P (w) OR Q (w) 

The response of a network to a unit -step function is given by 

Equations (23) and (24) . 

Using the identity? 

2 r 00 sin wt 

IF J. 
Equation (23) can be written 

do) =1, t>0. (52) 

2 °° P(.) -P(0) 
A(t) -A(00) _-- 

w o 

since P(0) =A(00). 

sin Jtt dX, t> 0 (23) 

7 Reference (1) , p. 119, Equation (14a) . 
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If both sides of Equation (23) are multiplied by sin wt dt and then 
integrated from 0 to co, the result, when Equation (33) is used, is 

P(w) -P(0) eo 

= [A(t) -A(oo)] sin wt dt. (53) 

Starting with Equation (24) similar results can be derived for Q(0)). 
Thus 

2 Q(a) 
A(t) - A ( oo ) =- cos a d11, t > O. (24) 

r o A 

Multiply both sides by cos wt dt and integrate from 0 to oo. Then 

Q (w) °° 

--= [A(t) -A()] coswtdt (54) 
w o 

by Equation (32) . 

R 
C 

L 

Fig. 4- Low -pass filter with shunt peaking coil. 

The derivation of the fundamental relations is now complete. By 
Equations (23) and (24) it is possible to go from P(0)) or Q(0)) to 
A(t). By Equations (43) and (51) it is possible to go from P(w) to 
Q (w) or vice versa. By Equations (53) and (54) it is possible to go 
from A (t) to P (w) or Q (w) . Thus any one of the three quantities 
determines the other two, and any one completely specifies the network 
within a constant. 

P(w), Q(w), AND A(t) CURVES FOR SHUNT- PEAKED CIRCUIT 

Since the in -phase and quadrature components of a network are 
not as commonly used as selectivity curves, they will be illustrated by 
the shunt -peaked circuit of Figure 4. 

The impedance across the terminals shown is 

Z 1 +iQx 
_ 

R 1- Qx2 + ix 
(55) 
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where wo = 1/RC, x = w /wo, and Q = w0L /R. If the Q of the circuit is 

varied by changing the inductance, L, of the peaking coil, the selectivity 

curves will be as shown by Figure 5, where the dotted line is the 

corresponding semi -infinite constant -slope low -pass filter. They all roll 

off at 6k decibels per octave at high frequencies, where k is the number 

of sections in cascade. 
If Equation (55) is separated into real and imaginary parts, the 

result is 

and 

1 
= (56) P (w) 

x2 
( 

Qx (1- Qx2) -x 
Q(w) _ (1-Qx2)2+x2 

(57) 

These equations are plotted in Figures 6 and 7, for various values of 

Q. The P(w) curves all start out fiat at w = 0 and the rise just before 

Fig. 9- Symmetrical lattice. 

cutoff is determined by the amount of peaking. The Q (w) curves come 

in asymptotically to zero at both ends of the frequency range and the 

maximum excursion increases uniformly with Q. The P (w) curves do 

not cross the zero axis at any frequency, but the Q(W) curves are 

positive at low frequencies if Q > 1. 

The response of these filters to a unit -step function is shown by 

Figure 8. When Q > 0.25 there is a transient overshoot which increases 

with Q. The curve labeled Al (a) is for one section of the semi -infinite 

constant -slope filter. 

P(w), Q(w), AND A(t) CURVES FOR NONMINIMUM -PHASE CIRCUIT 

If the circuit of Figure 4 is cascaded with the all -pass lattice of 

Figure 9, which has the transfer function 

e2 1- iQx 

el 1+ iQx 
(58) 
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where Q = wo RC and x = w /w0, the resulting transfer function is ob- 
tained by multiplying Equation (55) by Equation (58). The new 
P(w) and Q(w) functions are 

and 

1- 2Qx2 
P(w) _ (59) (1- Qx2) 2 -I- x2 

- Qx (1- Qx2) -x 
Q(w) = (60) 

(1-Qx2)2-I-x2 

As is readily seen from Equations (55) and (58), the zero on the 
negative axis in the left half of the p -plane at p = -1 /Q, has been 
moved to the corresponding point in the right half plane. The circuit 
is no longer minimum phase. 

Since the all -pass lattice does not change the amplitude response 
of the system, the curves of Figure 5 can be used for the new network 
also. The two networks thus have the same amplitude response but 
different phase responses. 

The P(w) and Q (w) curves for the two circuits in cascade are 
shown by Figures 10 and 11. The P (w) curves all cross the zero axis 
at w /wo = 1 /(2Q) %, and approach the zero axis asymptotically at high 
frequencies. Similarly, the Q (w) curves start out in the negative 
direction, reach a minimum, cross the axis at w /wo = (Q + 1) % /Q, and 
approach the zero axis asymptotically at high frequencies. 

The corresponding response to a unit -step function is shown by 
Figure 12. In each case there is a precursory negative swing followed 
by the main rise and the final value of unity. 

It can thus be seen that even though the two circuits have the 
same amplitude response the transient responses are different. The 
T (w) curve is therefore not a true parameter of the network, since it 
cannot be used to determine the other characteristics unless additional 
information is supplied. The P (w) and Q (w) curves do contain all 
the desired information and are therefore true parameters. 

GRAPHIC SOLUTION FOR FINDING A (t) FROM P(w) 

In order to obtain universal curves that can be moved along the 
w -axis, a logarithmic frequency scale will be used. In Figure 13 let 
P (») be the straight -line segments shown, where u1 = log wl /wo, 
u2 = log w2 /wo, ßl3 = w2 /w1, and w02= w1w2. 
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Substituting in Equation (23) 

2 o P (o,) 
A ( t) _ - sin wt dm, 

ir 0 ui 

we have 

(23) 

o 

-2 

.4 - 

ti 
ó 

_ 

o 
O 

Aliti 

_t___ 1 

ii----------- 

UNIT- STEP RESPONSE 

k -I 
ZERO IN RIGHT 

HALF PLANE 

2 4 6 7 8 9 
wot 

Fig. 12 -Effect of moving one zero to right half plane, k =1. 

IO 

2k log ß 0-'o1\ sin wt 2k r WoJ w sin wt 
A (wot) = w» - log r 7r o co 7r wo/V' V I7 wo w 

2k log ß mot /Or sin s 

o 

2k wovr s sin s 
ds - log 

o u, o s t s 

2k s sin s 
+ - log d$. 

wot\//I s 
(61) 

ds 
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Using the identity 

x Si (s) x ds s sin t I ds = dt 
o s o t 

sin t x ds 
= dt 

o t t s 

A (00t) can be written 

2k 4otvß Si (s) 
A ((dot) = - ds 

i wot/VT s 

J 
t sin t 

log - dt, (62) 
x t 

2k 
= - [Im E1 (oo1/ß t) - Im E1 ( wot/Vß) ] 

7r 

No) 

(63) 

Fig. 13 - Straight -line segments Fig. 14 - Straight -line segments 
for P(w). for P(o). 

in the notation of Bouwkamp.8 These functions were also tabulated 

by Hallén .8 

If a high -pass filter of Figure 14 were used instead of Figure 13, 

the sum of the two gives the all -pass system with A (t) = 1. By sub- 

tracting the two results A (toot) for Figure 14 is 

2k 
A (wot) =1- [Im E1 (toot-03) - Im El (0)0/03 

7r 

]. (64) 

A family of curves has been computed for various values of ß, using 

Equation (63) ; they are given by Figures 15 and 16. 

Example: Find the response to a unit -step function of the shunt- 

8 C. J. Bouwkamp, "Concerning a New Transcendent, Its Tabulation 
and Applications in Antenna Theory," Quarterly Applied Mathematics, 
Vol. 5, pp. 394 -402, January, 1948. 

Erik Hallén, "Iterated Sine and Cosine Integrals," Transactions 
3-6, 47 6 the Royal Institute of Technology, Stockholm, Sweden, No. 12, pp. , 8 
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peaked low -pass filter, Q = 1.0, with the P(w) characteristic shown by 
Figure 6. 

The curve for P(w) is approximated by the straight line segments 
shown on Figure 17. The first approximation is the line A B C D, with 
ß = 1.8, wo = 1.12 and P (w) = 1.13. The curve for /3 = 1.8, obtained 
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SHUNT- PE ME D 

CIRCUI T 

010 

Fig. 17 Graphic solution for Alt) f,om 

from Figure 10, is multiplied by 1.13 by means of proportional dividers. 

and plotted on semilog paper. The paper was then moved to the left 

a distance equal to (1._ on Figure 17 and plotted on Figure 18 as shown. 

The step G H .1 R has a negative jump of 0.31 and corresponds to 

fi -73. The curve of Figure 15 was moved a distance d, to the right 

on Figure 18 and multiplied by 0.31. The minus sign shows that it is 

to be subtracted froni the others. 

In a similar manner the curve for the jump C E F is plotted on 

Figure 18 and moved a distance d, to the left as shown. When the 

r 

pY 0) 0J G6 (lB Io v,t- 5 6 

Fig. 18 Graphic solution for A(t) from Pl ). 
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three curves are added and the sum is plotted on a linear time scale, 
the result is shown by the crosses of Figure 19. The solid curve is 
the theoretical one, and the error is seen to be very small. 

GRAPHIC SOLUTION FOR FINDING A (t) FROM Q (w) 

A set of universal curves for solving this problem will be derived 
in the same way as for the P (w) curves just completed. A logarithmic 
frequency scale will be used as before. In Figure 20 let Q (w) be the 
straight line segments shown. Using the same notation as before 

14 

12 

10 

08 

06 

04 

0.2 

0 

SHUNT- PEAKED 
CIRCUIT 

0 1.0 

- EXACT SOLUTION 

GRAPHIC SOLUTION 
P(w) TO A(t) 

o GRAPHIC SOLUTION 
O lw) TO A(t ) 

0 I 2 3 4 5 6 7 8 9 10 

Fig. 19- Graphic solution of A(t) from P(w). 
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Fig. 20- Straight -line segments for Q (w) . 
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2 °° Q (co) 

A (toot) -A ( co ) cos wt dtu 

7r o 

2k wo"r W cos tut 

= - log àw 

7r w° 

V 

/f 
2k 

7r iwoVir 

IL tli 

cos wt 
log ß dw 

w 

2k 00 s cos s 
= - log ds 

7r w°t /vß coot/VW 

Using the identity 

the result is 

s 

t>0 (24) 

2k s cos s 
+ log ds. (65) 

7r w °tVß wotV S 

Ci (t) °° dt cos s 

dt = - -- ds 
t t t 

°3 cos s 8 dt 

L s 
ds - 

g t 

00 S COS S 

= - log - ds, (66) 
z S 

2k Ci (s) 
A((uot)-A(co)- 

w°t 

ds 
7r w°r/Vß S 

2k _ 2y 2 

----= - [Re E1 (toot/ß) - Re E1 Goot/\43)1 + + - log 00t, 
a ir 7r 

y = 0.5772 (67) 

in the notation of Bouwkamp.3 
A family of curves has been computed for various values of ß, using 
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Equation (67) ; they are given by Figures 21 and 22. 
Example: Find the response of the shunt -peaked low -pass filter, 

Q = 1.0, with the Q (o) characteristic shown by Figure 7, to a unit - 
step function. 

The curve of Figure 23 for Q (w) is approximated by the straight 
line segments A B C with ß = 2.25 and Q=0.12, line B D E with 
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ß = 1.4, etc. as shown. When the curves of Figures 21 and 22 are used 

in the same way that was done in Figure 17 for P(w), the result is as 

shown by the circles of Figure 19. The errors are very small as shown. 

SWEEP AND DISPLAY EQUIPMENT 

The basic oscilloscope display is in the form of a polar diagram of 

the network output voltage, referred to the input voltage as the unit 
vector with zero phase. Frequency marking is obtained by Z -axis 
or intensity modulation of the display trace. 

In addition to this display, which is a polar plot of T (0))09(0, 

displays for P (w) and Q (w) are available. The theoretical discussion 
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Fig. 23- Graphic solution, A(t) from Q(w). 

has shown that P (w) , Q (to), and T(w)08(c0), are all true network 
parameters. For purposes of circuit alignment and circuit design, 
T (w) elm& is usually most convenient. The sections that follow will 

describe the design, operation, and applications of the equipment. 

DESIGN THEORY 

To obtain P(w), let the two voltages of Figure 1, 

e1 = E1 sin (wt -}- 41) (68) 

and 

e2 = E2 sin (wt -I- 02) (69) 

be applied to the grids of the modulator shown by Figure 24. If the 
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circuit is adjusted properly, the tube will multiply the two voltages 
together. The output is 

e1 e2 = E1 E2 sin (wt + 41) sin (wt + 42) 

1 

_ -E1E2 [cos (42 -01) -cos (2wt +¢1+42] (70) 
2 

When this output is passed through a low -pass filter, the term of fre- 
quency 2w is removed so the output voltage is 

1 
e3 = 

2 
El E2 cos (4,2 - $1) 

= k T(w) cos 9(w) = k P(w), (71) 

LOW PASS FILTER 

I I 

I I 

- -J e2 

1 
where k = - E12. 

2 

e 
Fig. 24- Suppressor grid modulator. 

In a similar manner, Q (w) can be obtained if the two voltages 

and 

e1 =E1 cos (wt +41) 

e2 = E2 sin (wt + 02) 

are multiplied together. Thus 

(72) 

(73) 

e1 e2 = E1 E2 cos (wt + 4) sin (wt + 02) 

=E1E2 [sin (02 - 01) +sin (2(ot +02 +01)]. (74) 

After passage through the low -pass filter, 

1 
es = - E1 E2 sin (02 -41) 

2 
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1 
= - E12 T (w) sin 0 (w) 

2 

1 
k = - E12 as before. 

2 

(75) 

Although a simple modulator followed by a low -pass filter will per- 
form the required multiplication, a balanced phase detector10 gives the 
desired result without critical adjustments. Figure 25 shows such a 

circuit. For proper operation in this equipment it is necessary that 
e1 » e2, say 5 to 1 or more to allow for selectivity and attenuation in 

BIFILAR SECONDARY 

IN34 / LOW PASS FILTER 

Jd 

e 

Fig. 25- Phase -sensitive detector. 

the network under test. The low -pass filter is built -in as shown. A 

phase splitter can be used instead of the transformer and is preferable 
for wider bandwidths. 

In order to sweep the entire frequency range of the filter, a fixed 

oscillator is usually beat with a frequency -modulated oscillator to 

produce the input signal el, as shown by Figure 26. The fixed -frequency 
oscillator is shifted 90 degrees with respect to the two channels as 

shown, so the two sweep voltages are always 90 degrees out of phase, 

as required by Equations (68) and (72) . This is easy to do, since the 
fixed -frequency oscillator operates at one frequency only. Figure 27 

shows the complete display arrangement. 
To test a network, it is connected as shown by Figure 27. The 

input of the sweep, el, is fed to the P (w) modulator, which is shown 

by Figure 25, and the output of the network, e2, is also applied to the 
modulator. The output of the modulator is a voltage proportional to 

P (w) . In the same way, if the sweep which is shifted 90 degrees is 

used to drive the Q (w) modulator as shown, the output will be a 

10 Britton Chance, Vernon Hughes, Edward F. MacNichol, David Sayre, 
and Frederic C. Williams, Waveforms, First Edition, McGraw -Hill Book 
Co., Inc., New York, 1949, p. 512, Figure 14.13. 
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Fig. 26- Generation of sweep voltage. 

voltage proportional to Q (w) . By connecting the two outputs to 
oscilloscopes as shown, it is possible to display P(0)), Q (w) and the 
polar plot, T (w) eie(W) simultaneously. Since the system will work for 
any fixed frequency, it is also possible to feed the outputs into auto- 
matic curve -drawing equipment and plot the P(w) or Q (w) response 
curves as a function of frequency directly. In this way it is possible 
to go down to as low a frequency as desired. Frequency markers are 
provided by modulation on the Z -axis of the scope at one or more 
frequencies. 

SWEEP GENERATOR 

Figure 28 shows the schematic for the sweep generator. The fixed - 
frequency oscillator operates at 25 megacycles with second- harmonic 
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MARKER 
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NETWORK 
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L ATOR 

Fig. 27- Circuit for displaying P(w), Q(w) and T(w)eietto simultaneously. 
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selection in the plate circuit. The inputs to the two modulators are 
shifted 90 degrees with respect to each other by the two RC networks. 
The two capacitors, C1 and C2, are adjustable to obtain this 90- degree 
phasing after the 25 megacycle oscillator is tuned. The variable - 
frequency oscillator is frequency modulated at a 60 -cycle repetition 
rate with a maximum variation from 40 to 60 megacycles. Direct 
current on the moving coil of the 60 -cycle variable capacitor serves to 
locate the center frequency, while an a -c source in series with the d-c 
source determines the deviation. 

50 MC FIXED OSC 

6Có6 
50Mc 

MODULATOR 
6AS6 RFC RFC i6µ1 0-10 Mc 

190.1 

25 Mc 47 220 

C2 

33k s 
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25µf 

3'_k 
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1000 

75 
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220 27k 

ALL VALUES IN OHMS AND MICRO-MICROFARADS 
UNLESS OTHERWISE STATED 

MODULATOR 

(Ó) 

C1 AND C2 ARE ADJUSTED TO PRODUCE 

+45`AND -4e SHIFT IN PHASE AT 

50 MC RESPECTIVELY 

Fig. 28 -Sweep generators. 

The two 6AS6 tubes are linear modulators with low impedance 
output. Radio -frequency chokes in the plate circuits suppress com- 
ponents at carrier and higher frequencies. Where larger sweep outputs 
are required, the 6AS6 modulators may be provided with higher load 
impedances and may be followed by cathode followers. Care must be 
taken to keep the impedances in the two channels identical, to preserve 
the 90- degree relationship over the entire sweep range. As shown 
by Figure 26, the fixed oscillator is blanked at a 60 -cycle rate so that 
the sweep output is zero on alternate half cycles at the 60 -cycle 
repetition rate. 

The power supply should have less than 0.1 per cent hum, and 
should have at least two per cent regulation to insure a stable sweep 
output. The two oscillators should be well shielded and shock mounted 
in ceramic sockets. Every effort must be made to eliminate r -f radia- 
tion. Oscillator "pulling" should be eliminated by adequate isolation. 
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MARKER CIRCUIT 

The marker circuit, Figure 29, is a delay line operated with a 
short- circuited receiving end and consequently a high standing -wave 
ratio. A diode rectifier followed by an RC filter picks off the envelope 
generated when the sweep voltage is applied to the line. In the four 
clipping amplifiers following the diode, pulses are obtained which 
coincide accurately with the cancellation points in the envelope of the 
delay line voltage. These clipping amplifiers are similar to television 
sync separators and are self -biased. The output pulses are used to 

i 
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Fig. 29- Marker generator. 
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MARKER 
OUT 

2700 

1N34 

intensity -modulate the electron beam of the display to generate dot 
markers. 

In the cathode of the delay -line driver tube is a parallel resonant 
circuit which may be tuned, by appropriate switching, between 0 and 
10 megacycles. This provides an interpolation marker. The driving 
voltage for the delay line is sharply reduced at the resonant frequency 
of this circuit, causing a hole in the envelope at that frequency and 
providing an additional dot marker which is easily adjusted to any 
desired frequency. The calibration of this marker can always be com- 
pared to the delay -line marker dots, so accurate calibration is not 
needed. The dot markers are accurate to about ±25 kilocycles at 6 mega- 
cycles, with the error decreasing essentially linearly with frequency. 
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The line employed is 181/4 inches of HH2500.* The resulting 

marker dots are equally spaced every 500 kilocycles. The line may be 

cut for any other marker spacing, or other calibrated lines may be 

switched in and out, if desirable. A gain control for marker brightness 

is provided. These multiple, harmonically related markers are particu- 

larly suitable for the display described in this paper, but are also 

useful for other sweep measurements. 
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Fig. 30- A- Display unit. 

P (w) AND Q (o)) DISPLAY UNIT 

The display unit, Figures 30 (a) and (b) , consists of a well -regulated 
power supply, P (w) and Q (u)) demodulators, and their associated 

amplifier and clamp circuits. The P (w) demodulator is a phase- sensitive 

detector circuit10 driven from a wide -band, low- impedance phase split - 

ter. Two 1N34 diodes are used, and these are selected to have identical 

forward and back resistances. The second input for the P (w) demod- 

ulator is the plate output from a preceding phase splitter which is 

driven by the output voltage of the network under test. The cathode 

of this phase splitter drives the Q (w) demodulator; a phase splitter 
was chosen to obtain sufficient isolation between the P (co) and Q (u)) 

demodulators. The output from the P (0)) demodulator is obtained 

Manufactured by the Columbia Technical Corporation, New York, 
N. Y. 
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from the center arm of a 25,000 -ohm potentiometer which is set to 
balance the modulator. The desired output voltage has a 60 -cycle 
repetition rate and contains frequency components up to several thou- 
sand cycles. The sweep frequency components existing at the center 
of the balance potentiometer are low- passed via the 100,000 -ohm series 
resistor feeding into the shunt capacity of the first P(6)) amplifier 
which is d-c coupled. This amplifier has one per cent negative feedback 
because of the unbypassed cathode resistor. The plate of the first 
amplifier is capacity -coupled to the grid of the second amplifier, with 
a driven synchronous clamp on the grid of the second amplifier. The 
clamp sets the grid voltage during the blanked portion of the sweep as 
may be seen from Figure 31. At the top of this figure are shown 
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Fig. 30 -B -Power supply for display unit. 

33K 

100 
UF 

typical P ((,) and Q (w) waveforms obtained from a series -peaked low - 
pass filter. It will be noted that the clamps cause no significant tran- 
sients, and their time position falls within the sweep blanking period. 
Figure 31 (c) shows the clamp drive pulses. 

It will be noted that the P (w) and Q (w) waveforms may contain a 
d -c component. It is therefore necessary either to d -c couple the entire 
display unit, or to insert the proper d -c by clamping. Since this equip- 
ment may be used to check the amplitude and phase response of com- 
plete systems, any variations in line voltage would normally cause a 
variation in d-c on these waveforms, and for that reason the syn- 
chronous clamp was chosen in preference to d-c coupling. By clamping 
on the blanked portion of the sweep output, d-c shifts caused by line 
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voltage variations are removed. The clamp time constants were care- 

fully chosen to achieve this result. Another advantage of the clamp 

is that steady -state measurements can be made by turning off the a -c 

supply to the 60 -cycle sweep capacitor unit, thereby removing the 

frequency deviation from the frequency- modulated oscillator. The d -c 

may then be adjusted to shift the frequency of the frequency -modu- 

lated oscillator to produce a desired steady beat frequency, which, 

however, will still be blanked on alternate half -cycles at 60 cycles 

because of the blanking on the fixed frequency sweep oscillator. In 

this case the P (w) and Q (w) voltages are merely 60 -cycle square waves 

whose amplitude and polarity during sweep time will measure the 

transfer function of the network tested. The display for this case 

"` 

Fig. 31 -a (upper left), b (lower left), and c (right). 

consists of a single illuminated spot, marking the end of the transfer 
impedance vector. Such operation may be important when the network 

is such that normal sweep application would generate frequency - 

modulation transients, leading to erroneous results. This is the case 

with high -Q resonant systems (Q having its usual meaning here) . 

The second P (w) amplifier has the desired output voltage plus the 

plate polarizing voltage in the plate output. This output is coupled 

through a voltage -regulator tube to remove a large portion of the 

polarizing voltage to lessen the requirements on the scope centering 

system. 
The Q (w) demodulator, amplifiers, and clamp are identical with 

the P (w) channel in every respect except that the Q (w) modulator 

driver is fed from the 90- degree sweep while the P (w) modulator driver 

is fed from the zero -degree sweep. The display unit covers a frequency 

range from approximately 160 kilocycles to 12 megacycles. The range 

can be extended in either direction by appropriate changes in the 
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coupling networks and the modulator constants. The outputs are 
approximately 10 volts peak to peak for a sweep input of 0.1 volt. 
These voltages are sufficient to operate most commercial oscilloscopes 
and insure linear operation of all circuits involved. 

The power -supply unit consists of a high gain series regulator, 
capable of producing a 260 -volt B- supply with approximately one per 
cent regulation and less than 1 millivolt of hum. The clamping pulses 
are generated from the rectifier plate voltage, proper phasing being 
obtained via the RC coupling network in the 12AT7 grid circuit with 
grid- current limiting. The outputs are available across the 680 -ohm 
plate and cathode resistors. The line plugs of the sweep unit and the 
display unit should either be provided with keys, or a single line plug 
should be used to insure proper phasing of sweep- blanking and clamp - 
pulse voltages. 

Careful shielding is necessary to prevent any residual radio - 
frequency radiation from the high- frequency sweep oscillators from 
leaking into the display unit where it may be rectified on the demodu- 
lator diodes or by the P (w) and Q (w) high -gain amplifiers. To obtain 
further radio -frequency suppression, the leads feeding the phase - 
splitter demodulator -drivers were formed into small coils serving as 
additional r -f chokes, and the stray capacity on the demodulator feeds 
should be made as high as is consistent with a bandwidth of 12 mega- 
cycles. Radio -frequency radiation can be checked by disabling first 
the fixed and then the frequency -modulated oscillator in the sweep unit 
by removing the proper tubes and then checking the outputs of the 
P(w) and Q (w) amplifiers for zero output. 

The cables feeding the P (w) and Q (w) phase splitters from the 
sweep unit are identical, to preserve the 90- degree phase relationship 
over the entire bandwidth, and the terminating resistors should be 
carefully selected for optimum termination to keep the standing -wave 
ratio on the feed lines very close to unity. 

OPERATION OF THE EQUIPMENT 

The equipment is operated by inserting the network or system to 
be tested between the terminals marked "network under test." It will 
be noted from the figures that the test circuit is then supplied from 
the zero -degree sweep, and its output voltage is applied to the phase 
splitter in the display unit to provide the second inputs to the P (w) 
and Q (w) demodulators. For the equipment shown here, the circuit 
under test should have 75 -ohm input and output impedances. If neces- 
sary, impedance transformers can be used. The network may be of 
the minimum -phase -shift type, or nonminimum -phase shift; it may be 
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R 

e 75 C e2 

Fig. 32. Fig. 33. 

lumped constant or distributed, and it may include any number of 

linear stages and transducers, provided that it can be driven by a 

voltage and will have a voltage across its output terminals. 
An understanding of the operation of this equipment is best gained 

from a discussion of typical test results. Figure 32 shows the display 

resulting when the network under test is the simple RC low -pass filter, 

as shown in Figure 33. The trace starts on the right of the diagram 

and proceeds in counter -clockwise fashion back to the origin. The 

amplitude is given by the radius vector connecting the trace to the 

origin, and the marking dots appear at 500 -kilocycle intervals. It will 

be noted that the phase is far from linear with frequency, and that 
the amplitude decreases rapidly as the frequency increases. The total 
phase shift from zero to infinite frequency is 90 degrees. Figure 34 

shows the response when an inductance is placed in series with the 

resistor as in the circuit of Figure 35. As is evident from the display, 

Fig. 34. 

75 

Fig. 35. 
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Fig. 37. 

Fig. 38. 

Fig. 40. 

Fig. 39. 

Fig. 41. 
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both the amplitude and the phase response of the circuit are consid- 

erably improved, as is predicted by theory for a series -peaked circuit 
with a Q of 0.3. The total phase shift of the circuit from zero to infinite 

frequency is seen to be 180 degrees. An enlarged version of Figure 34 

is shown for illustrative purposes. 
Figure 36 shows the display when a series resonant trap is added 

to the circuit. The phase oscillation near the rejection point is clearly 

evident. Figure 37 shows what happens when the peaking is increased, 

resulting in a rapid deterioration of the phase characteristic. The 

figures discussed so far were taken with the frequency -modulation 

sweep adjusted to deviate from 50 to 60 megacycles, so that the sweep 

output starts at zero and goes to 10 megacycles. 

leo. 

MARKER DOTS 90° 

Fig. 34- Amplitude -phase characteristics. 

Figure 38 shows what happens when the frequency- modulation 

sweep is adjusted to deviate from 40 to 60 megacycles, so that the 
sweep output starts at 10 megacycles and decreases to zero and then 

increases to 10 megacycles again before being blanked. Two display 

traces will be noted, substantially symmetrical about the horizontal 

axis. The degree of symmetry is a measure of the absence of frequency - 

modulation transients in the circuit under test, in the marker circuit, 
and in the demodulators, and shows substantially no evidence of hum. 

All of these effects separately and together would result in a degree of 

asymmetry about the horizontal axis determined by the severity of the 
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defects. Figure 31(a) shows the P (w) function belonging to Figure 
38, and Figure 31 (b) shows the Q (w) function going with the display 
of Figure 38. 

As mentioned before, this equipment can be used for point -by -point 
measurements. In the absence of frequency -modulation transients, the 
vector radius should trace out the locus shown on the sweep display 
point by point, as the steady frequency is varied. In case an asym- 
metrical display is obtained with the double -sided sweep, it is then easy 
to check whether the asymmetry is due to hum or frequency -modulation 
transients simply by checking a few points on the curve in the steady 
state. 

If the circuit under test is nonlinear, the display will also be asym- 
metrical. If hum and frequency- modulation transients can be elimi- 
nated as the cause, the degree of symmetry of the trace provides a 
good check on circuit linearity. 

Because of the information available from the full sweep trace and 
its degree of symmetry, it is advisable to use it wherever convenient. 

It should be realized that when the total phase shift exceeds 360 
degrees the trace will become spiral and may be difficult to interpret 
at first glance. This difficulty is easily overcome by use of the interpo- 
lation marker which may be used to mark any point of interest. If 
desirable, the multiple harmonic markers can be removed by discon- 
necting the delay line in the marker chassis from the driver, in which 
case a single marker will be generated by the interpolation marker trap 
circuit. In that manner even the most complicated displays are rapidly 
and accurately interpreted. 

Figures 39, 40, and 41 show the displays when the test circuit is 
a delay line with best termination, for too large a terminating resistor, 
and for too small a terminating resistor respectively. 

ACCURACY OF THE EQUIPMENT 

Experimental determination of the accuracy of this equipment has 
shown that the phase is given accurately within plus or minus 3 
degrees in the range from 150 kilocycles to 8 megacycles in steady - 
state measurements, and in sweep measurements when frequency - 
modulation transients are negligible. The amplitude accuracy is within 
five per cent over the entire range in the absence of frequency- modula- 
tion transients. These values are well within the limits predicted by 
theory. 

AUXILIARY EQUIPMENT 

Several items of auxiliary equipment have been designed to increase 
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the usefulness of this equipment. Sometimes it is expedient to display 
the deviation from phase linearity rather than the phase curve itself, 
particularly in those instances where the total phase shift in systems 
under test is large, and where the desired objective is phase linearity. 
This can be done by inserting calibrated, constant -delay, nonselective 
(in the range of the equipment) lag lines in series with the sweep 
feeds to the display unit. The delay in each line is adjusted to the 
average delay of the circuit under test. Figure 42 shows this arrange- 
ment. 
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Fig. 42- Circuit for displaying deviation from phase linearity. 

The P(0)) modulator has applied to its terminals the two voltages 
el, and e2 as shown in Figure 42. These may be expressed as follows: 

ei,. = El sin (wt - TO,) 

since the phase shift of the lag line is BT = To), and 

e2 =E2 sin (wt- 0), 

(76) 

(77) 

where O is the phase shift of the network under test. 
The output voltage of the P (w) modulator will therefore be the 

low- frequency component of the product el,. X e2. This is, by Equation 
(71), 

1 e,,_- E1E2cos (Tw -O) =kT(w) cos (Tw -O). (78) 
2 

Similarly, the output voltage of the Q (w) modulator will be, by Equa- 
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tion (75), 

eQ = -k T (W) sin (r(0- 9) . (79) 

The angle shown on the display is therefore the angle (rw - 9) which 
is the difference between the phase shift of the network and the linear 
phase function (rw). In case the network under test is linear phase, 
the display will be a single horizontal line. 

Heterodyne equipment has been designed to make possible measure- 
ments outside the basic 0 to 10 megacycle range of the equipment, as 
shown in Figure 43. Here the 0 to 10 megacycle sweep output is 
heterodyned with a fixed oscillator to produce frequency components 
in the range of the network to be tested. The output voltage from the 
network under test is beat against this same heterodyne oscillator, to 
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Fig. 43- Heterodyne method of shifting sweep frequency. 

obtain an output between 0 and 10 megacycles. The resulting voltages 
el', el, and e2 are fed to the display unit in the normal manner as shown 
by Figure 27. It will now be shown how this arrangement works. 

The P(w) and Q(w) modulators are fed voltages el and el' as 
before and as defined in Equations (68) and (72) respectively. Their 
inptit voltage, e2, is found as follows: 

The zero -degree modulator on the bottom left of Figure 43 has 
applied to it the voltages 

e1= E1 sin (wt -{- ¢1) 

and the voltage produced by the heterodyne r -f oscillator 

(68) 
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ell= EH sin wilt. (80) 

The voltage el amplitude modulates the voltage eH. The result is the 
test voltage 

er = (1 + el) eH = EIEH sin (wt + cp1) sin wilt -I- EH sin wut 

1 - EIEH [cos (wt - wilt + 01) - cos (wilt + wt + ¢1) ] + EH sin wilt. 
2 

If the network is sufficiently selective (as is the case with most i -f 
amplifiers) , WH can be chosen so that the carrier and one of the side - 
bands, say the lower, are rejected. The input voltage to the network 
under test which produces an output then becomes 

1 
eT = - - EIEH cos (wt + wilt +4,1Y. 

2 

If the network is linear and passive, its output voltage will be 

1 
eO=--- E1EHT(w +wH) cos (wt +wilt +02) 

2 

(81) 

(82) 

by use of Equations (2), (3), and (4). 

The voltage e0 is beat against the heterodyne oscillator in the zero - 
degree modulator on the bottom right of Figure 43 and the low - 
frequency terms are selected by the following display unit, Figure 27. 
The result is the product of Equations (80) and (82) : 

1 
e2 = -- -- E1EH2 T (co + (OH) sin wHt cos (wt + writ + 02). 

2 

The low- frequency component is 

1 

eO w _- E1EH2T(+wH) sin (wt +02) =E2 sin (wt +42) (83) 
2 

1 
by letting - EH2 =1. 

2 

When Equation (83) is compared with Equation (2), it is seen 
that the output amplitude E2 and the phase shift of the network 
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(¢2 - 431) are preserved in the heterodyne operation. It is evident 
from this analysis that the two modulators have carrier inputs (wH) 
that must be in phase and for this reason they have been labeled zero - 
degree modulators. Figure 44 is the schematic of the heterodyne unit. 
The 6CB6 is the oscillator, the two 6AS6 tubes are the modulators. 

Figure 45 shows operation of the equipment when the network 
under test works in the normal range (40 to 60 megacycles) of the 
variable- frequency sweep oscillator. Voltages el and el' are applied 
to the display unit as usual. The voltage e.: is obtained by beating the 
output voltage of the network under test with the fixed sweep oscillator 
voltage in phase with the zero -degree sweep modulator. For this reason 

50 Mc 
FIXED 
FREO 
OSC 

BLANKING 

GEN 

0° 
MODU- 
LATOR 

90° 
PHASE 

SHIFTER 

LOW - 
PASS 

FILTER 
O -IO Mc 

90° 
MODU 

L ATOR 

40-60 Mc 
VARIABLE 
FRED OSC 

60 . 
SWEEP 

NETWORK 

UNDER 
TEST 

0° 
MODU- 
LATOR 

LOW - 
PASS 

FILTER 
O -IO Mc 

LOW - 
PASS 

FILTER 
0 -IO Mc 

Fig. 45 -40 -60 megacycle sweep operation. 

e2 



COMPLETE SPECIFICATION OF A NETWORK 435 

the modulator at the bottom of Figure 45 has baen labeled zero -degree 
modulator. An analysis similar to that used for the arrangement of 

Figure 44 shows that the voltage e2 obtained in Figure 45 has the 
correct amplitude and phase for proper operation of the display unit. 

CONCLUSIONS 

Equipment has been developed for the sweep display of the network 
transfer function as a vector plot. The equipment is useful in the 
design of amplifiers and complete systems whose phase and amplitude 
response determine system behavior. The equipment has been found 
to be accurate, reliable, and simple to use. It is useful for the sweep 

alignment of all kinds of amplifiers. When it is desired to compare 
two supposedly identical networks or to align simultaneously amplitude 
and phase response, the method is far more precise than conventional 
methods because the two variables are plotted simultaneously. If any- 

thing is wrong with the network, it will be impossible to get the right 
curve. 

Feedback amplifiers and servo systems can be rapidly designed or 

analyzed by means of this display. Phase distortion studies can be 

made and the effects of gain -control settings and amplifier overload 
conditions can be rapidly ascertained. 

Each time the phase angle increases by 90 degrees, either the P (w) 

or the Q (a)) curve will go through zero. These zero crossings give 

accurate alignment points and the number of them will give the asymp- 
totic rate of cutoff of the filter in multiples of six decibels per octave 

for minimum phase shift networks. 
There is a direct and unique relation between either P (0)) or Q (w) 

and the unit -step response A (t) . The universal curves and sweep 

equipment are very useful for computing or displaying circuit per- 
formance for any type of network such as lumped constant, distributed 
constants, minimum phase or nonminimum -phase shift. A set of uni- 
versal curves is given to enable the computation of the transient from 
either P (0)) or Q (w) . 
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APPENDIX -RELATIONS BETWEEN P (w) AND Q (w) 

The following seventeen curves are based upon an analysis in a 
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response from a given P(m) curve or the P(w) response from a given 
Q (w) curve. The graphic method of computation is the same as given 
in detail in that paper for the relations between amplitude and phase. 
The network need not be minimum phase and may have either dis- 
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THE CT -100 COMMERCIAL COLOR 
TELEVISION RECEIVER'= 

BY 

L. R. KIRKWOOD AND A. J. TORRE 

RCA Victor Television Division, 
Camden, N. J. 

Summary -This paper describes the first commercial color -television 
receiver produced by RCA. The receiver employs 37 receiving -type tubes, 
two selenium rectifiers, one silicon crystal, two germanium crystals, and one 
color kinescope. The receiver was designed to operate on the compatible 
color standards approved by the Federal Communications Commission on 
December 17, 1953. It is fully compatible -that is, once the receiver has 
been tuned, it will accept either color signals or the conventional mono- 
chrome signals with no further adjustment. 

INTRODUCTION 

ODEL CT -100 is a color -television receiver using the 15GP22 
kinescope. This kinescope is of the shadow mask type, en- 
closed in a round glass envelope, and giving a picture with 

a diagonal of approximately 121/2 inches. A production quantity of the 
receivers was turned out early in 1954. This run showed that com- 
patible color receivers could be built using normal factory techniques. 

The CT -100 is designed to receive color -television signals of the 
type set forth in the compatible color standards adopted by the Federal 
Communications Commission on December 17, 1953. These signals 
include luminance, hue, and saturation information. 

These are the three independent quantities which represent the 
video information necessary to reproduce color pictures.1'2 The lumi- 
nance information is essentially the same as the video signal in a 
monochrome transmission, and when displayed on a monochrome 
receiver, it gives a picture which is almost indistinguishable from a 
regular monochrome picture. The hue and saturation information is 
carried by a 3.579 -megacycle subcarrier. The phase of the subcarrier 
relative to a synchronizing burst determines the hue, and the ampli- 

' Decimal Classification: R583.5. 
1 G. H. Brown and D. G. C. Luck, "Principles and Development of Color 

Television Systems," RCA Review, Vol. 15, pp. 144 -204, June, 1953. 
2 D. H. Pritchard and R. N. Rhodes, "Color Television Signal Receiver 

Demodulators," RCA Review, Vol. 14, pp. 205 -226, June, 1953. 
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tude of the subcarrier relative to the luminance signal determines the 
color saturation. 

In order to recover all of the video information, certain important 
receiver characteristics are necessary; the high- frequency response 
through the color demodulators must extend to at least 4.1 megacycles, 
and the phase characteristic must be linear. Also, the over -all ampli- 
tude characteristics must not vary or color saturation will be incorrect. 

Fig. 1 -The CT -100 color television receiver. 

A block diagram of the color receiver is shown in Figure 2. The 
individual red, green, and blue video signals are derived by matrixing 
in the box labeled "video." The only new functions shown, compared 
to a black- and -white receiver, are color synchronization and conver- 
gence; however, closer tolerances are required of most of the other 
functions. 

The r -f tuner is a UHF -VHF turret type. This unit provides 
independent adjustments for each channel and, therefore, consistent 
performance between channels. Experience has shown that tighter 
factory test limits can be held using such a unit. 
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Fig. 2 -Block diagram of the CT -100. 

In order to facilitate manufacture, the set was designed to consist 

of a main chassis and three subassemblies: r -f ; i -f, audio, and vertical 

deflection; and horizontal -deflection high voltage. These subassemblies 

are bolted together to form a single unit (Figure 3). The kinescope 

is secured to the cabinet. To assist in adjusting the kinescope, the top 

of the cabinet was made removable (Figure 4). Aleo, by removing the 

Fig. 3- Chassis of the CT -100. 
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control pencil box, other controls needed for setting up the kinescope 
are accessible. 

In addition to the normal black- and -white controls, the receiver 
incorporates two new customer controls under the control panel -hue 
and color saturation. The d-c focus and convergence controls are 
accessible at the side of the cabinet. 

To minimize radiation of color subcarrier frequency and harmonics, 
a metal back as well as a metal chassis bottom shield is used. 

An intercarrier sound system is employed. 
The receiver operates on 117 volts, 60 cycles, and is rated at 475 

watts. 

Fig. 4 -Top view with the cover removed, showing how the 
kinescope is mounted. 

The Cabinet dimensions are 40 inches high by 28 inches wide by 
30% inches deep, and the set weighs 175 pounds. 

Maximum highlight brightness of 20 to 30 foot lamberts is attain- 
able. Noise free operation is obtained from an 800 to 1000 microvolt 
signal and the receiver will synchronize on a signal as low as 15 micro- 
volts. The schematic diagram is shown in Figures 5 and 6. 

CIRCUIT DESCRIPTION 

Tuner 

The r -f tuner is a three -tube, sixteen -position, turret -type tuner 
capable of covering any 16 of the VHF and UHF television channels, 
and providing a 40- megacycle i -f output. The tube complement con- 
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sists of a VHF r -f amplifier, a VHF -UHF oscillator, and an i -f ampli- 
fier. A silicon crystal is used in the mixer circuit for both VHF and 
UHF. In the VHF range, a low -noise r -f amplifier feeds a crystal 
mixer which is followed by a low -noise i -f stage. For UHF the ar- 
rangement is similar except that there is no r -f amplifier. 

VHF Circuits 
The antenna input circuit consists of a link -coupled, single -tuned 

circuit with the 300 -ohm balanced antenna input tapped down for 
impedance match. However, the constants and configuration have been 
selected to provide optimum noise factor for all channels rather than 
perfect impedance match between the antenna circuit and the r -f 
amplifier. Traps are placed in series with the primary of the input 
transformer to provide i -f attenuation. A tuned section of 300 -ohm 

transmission line is mutually coupled to the input line to provide 
attenuation of signals in the FM broadcast band. 

The r -f amplifier is a dual triode especially designed for driven - 
grounded -grid operation. It has the gain and stability of a pentode 
and the noise factor of a triode. Low output -to -input capacitance 
minimizes local oscillator feed -through. To prevent detuning of the 
input circuit with change in grid bias because of Miller effect and to 
improve the noise factor of the amplifier, a capacity bridge type of 

neutralization is used: The output of the r -f amplifier contains a 

capacity -coupled double -tuned circuit. The secondary is tapped for 
desired amplitude characteristic in accordance with the loading of the 
crystal diode. This low -noise silicon crystal mixer feeds a tuned bifilar 
transformer in the grid circuit of the i -f amplifier. Oscillator injection 
for the mixer is obtained through capacity coupling on the lower VHF 
channels, and mutual inductance coupling on the upper VHF channels. 

The oscillator employs a temperature -compensated Colpitts circuit. 
Tuning is accomplished, as in the other r -f circuits, by switching in 

the correct inductance to resonate the tank circuit to the proper fre- 
quency. A fine- tuning control, located concentrically on the channel 
selector shaft, permits vernier adjustment of the local oscillator fre- 
quency. 

UHF Circuits 
On UHF, the 300 -ohm balanced antenna input, which is the same 

as that used for VHF, is tapped into a triple -tuned preselector circuit. 
The output of the circuit is tapped for the crystal mixer circuit. Oscil- 

lator injection is obtained by means of an adjustable inductance in the 
ground side of the mixer circuit. The output of the mixer circuit is 

the same as for VHF. 
The UHF oscillator circuit corresponds to that used for the VHF 
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range except that the tuning for the required channel is accomplished 
by using a variable capacitance in series with an inductance. The 
capacitance is preadjusted for the correct oscillator frequency. 

Picture i -f Channel 

The picture i -f amplifier is designed for a 45.75 -megacycle picture 
carrier, 42.17- megacycle color subcarrier, and a 41.25- megacycle sound 
carrier. The amplifier consists of seven stages. The second detector 
uses a germanium crystal and is operated at six volts peak output level 
in the interest of linearity. The over -all sensitivity is approximately 
14 microvolts across the antenna terminals for six volts peak at the 
second detector. 

The noise factor of the tuner on UHF is determined primarily by 
the loss in the crystal mixer and the noise contributed by the first i -f 
amplifier following the mixer circuit. Therefore, a low- noise, grounded - 
grid triode -driven pentode is used for the first i -f stage. The cathode 
of this stage is fed from the crystal mixer by means of a single -tuned 
circuit. A double -tuned circuit is used as the interstage coupling be- 
tween the plate of the triode and the grid of the pentode. The output 
network of the pentode is a link- coupled, bridged -T, m- derived, band - 
pass circuit with a rejection trap tuned for accompanying sound (41.25 
megacycles) . In order to reduce cross modulation, the sound carrier 
is attenuated as early as possible in the i -f amplifier. 

The first picture i -f stage employs an m- derived, band -pass circuit 
with one rejection trap tuned for the desired skirt selectivity on the 
sound -carrier side (40.70 megacycles) and the other to the adjacent 
sound carrier (47.25 megacycles) . 

The second, third, and fourth picture i -f stages form a staggered 
triplet with the second and fourth stages tuned to the high- and low - 
frequency sides, respectively, of the passband. The third stage is tuned 
to approximately the center of the band. 

The staggered triplet provides a means of compensating for pro- 
duction variations in the over -all amplifier, since each stage will affect 
a different portion of the passband. 

The fifth picture i -f stage uses a bridged -a, m- derived, band -pass 
circuit and a mutually coupled absorption trap. The rejection traps 
are tuned for accompanying sound (41.25 megacycles) and adjacent 
sound (47.25 megacycles) . 

Curves of the individual stages are shown in Figure 7. The over- 
all curve is shown in Figure 8. 

Sound i -f and Audio Channel 

In most monochrome intercarrier sound receivers, the sound take- 
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Fig. 7 -Block diagram of the picture i -f channel with individual 
stage selectivities. 

off is after the second detector. Also, it has been found that the opti- 
mum ratio of picture carrier to sound carrier at the detector should 
be approximately 15 to 1. However, in order to redùce the 920 -kilocycle 
beat between sound carrier and color subcarrier so that it does not 
appear on the face of the kinescope, it is necessary to provide much 
greater attenuation of the sound. In the interest of sound gain, sound 
information should be taken off as late as possible in the i -f amplifier. 
In the CT -100, it is taken off after the fifth picture i -f tube. The 
required additional sound rejection is obtained by bridging the 
m- derived, band -pass circuit for maximum sound rejection. 

The sound i -f detector is a germanium crystal diode feeding a 
single -tuned circuit in the grid of the 4.5- megacycle sound i -f amplifier. 
The output circuit is a high- impedance, double- tuned, band -pass trans- 
former. Following is the driver for the ratio detector, which is oper- 
ated with low screen voltage and grid leak bias in order to provide 
amplitude -modulation rejection. The ratio detector employs a double 
triode in a balanced detector circuit. The output from the ratio de- 
tector is fed to the first audio amplifier. A normal single -ended audio 
system is employed for the output. 

PICTURE CARRIER 
6725 Mc 

ADJACENT SOUND 

65 75 Mc. 

ADJACENT COLOR 
64.83 Mc. 

r-COLOR SUBCARRIER 
7083Mc 

-SOUND CARRIER 
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Fig. 8- Over -all r -f - i-f response on channel 4 (66 -72 megacycles). 
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Video 

The video section consists of a luminance channel, chrominance 
channel, and a matrix which combines the two channels. A block 
diagram is shown in Figure 9. 

The luminance (Y) channel serves a purpose substantially similar 
to that performed in standard monochrome receivers -that of ampli- 
fying the luminance information to a level satisfactory for application 
to a kinescope. The only difference here is that the information is 
applied to the kinescope via the matrix. 

The chrominance channel serves to recover the information con- 
tained in the color subcarrier and its accompanying sidebands. By the 
process of synchronous detection, two signals are recovered from the 
color subcarrier. These signals are called I (in phase) and Q (quadra- 
ture phase) . Both the I and Q channels are band -limited according 

-1 LUMINANCE 
M 
A 

COMP 
VIDEO 

LICHP,OMINANCEI--' 

- (kE' 171- 

---{ BLUL j- 

Fig. 9- -Block diagram of the video section. 

to FCC signal specifications. The I channel passes information up to 
approximately 1.5 megacycles. While band -limiting of these channels 
prevents crosstalk, it necessitates equalization of signal delay time 
among I, Q, and Y. 

The matrix provides simultaneous red, blue, and green signals by 
combining predetermined proportions of Y, I, and Q information for 
application to the kinescope grids. 

Luminance Channel 
The first video amplifier provides both polarities of video, 4.5- 

megacycle attenuation by means of a cathode trap, and color subcarrier 
attenuation by a trap in the plate circuit. The grid is d -c coupled to 
the second detector load circuit which is raised slightly positive by 
a voltage divider. This biases the first video for more linear operation. 

Sync -positive wideband video at the plate provides the luminance 
(Y) channel signal as well as the burst, sync, and AGC (automatic 
gain control) signals. The burst is taken off by capacity coupling a 
single -tuned circuit to the color subcarrier trap. Sync and AGC infor- 
mation are taken off just below the color subcarrier trap at a high video 
level. The luminance (Y) information is tapped down in the plate 
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circuit to match the impedance of the Y delay line. This delay line 

provides about 1.0 microsecond time delay for the luminance signal to 

effect time coincidence with the chrominance signals at the matrix 
junction point. The Y delay line is terminated in a network containing 

a potentiometer used as the contrast control in the Y channel. Ganged 

to this control is another potentiometer which is located in the cathode 

circuit of the first video and serves as the contrast control in the 

chrominance channel. These controls are mechanically coupled so they 

track from minimum, which is zero contrast, to maximum, keeping a 

constant ratio between luminance and chrominance for all contrast 
settings. 

The Y section of the contrast control varies the signal applied to 

the second video amplifier. This stage amplifies the Y information to 

the level necessary for matrixing. 
These video stages incorporate conventional series or shunt coil 

peaking in the plate circuits and RC peaking in the cathodes. 

Chrominance Channel 

The chrominance signal from the cathode of the first video amplifier 

is fed to the band -pass amplifier. The plate circuit of this stage con- 

tains the band -pass filter which removes the low- frequency components 

of the signal and retains the region of the color subcarrier and its 

sidebands. This filter has a bandwidth of approximately 2.4 to 5.0 

megacycles, and is terminated by a potentiometer which serves as the 
color saturation control. 

During each burst interval the band -pass amplifier is keyed off 

by applying to the screen of the tube a negative pulse derived from 

horizontal deflection. Keying the burst out in this manner avoids color 

kinescope background unbalance due to the d-c restorers clamping on 

demodulated burst rather than on tips of sync. 
The grid circuit of the band -pass amplifier operates in conjunction 

with the "color killer." The "killer" stage is held at cutoff by negative 

d -c voltage developed by the burst phase detector. In the absence of 

burst, that is a standard black- and -white transmission, the "killer" 

stage conducts and biases the band -pass amplifier to cutoff, thereby 

assuring that no signal information passes to the demodulator grids 
via the band -pass filter. 

Demodulation of the chroma signal is accomplished by two syn- 

chronous detectors; color subcarrier frequencies are applied to the 

outer grids while the chroma signal from the arm of the band -pass 

terminating potentiometer is applied to the inner grids. 
The detected Q signal appears at the plate of the Q demodulator 

and is band -limited by a 0.5- megacycle low -pass filter. This signal is 
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fed to the Q phase splitter whose outputs provide the positive and negative Q signals necessary for matrixing. 
The detected I signal appearing at the plate of the I demodulator 

is fed to a bridged negative mutual type filter which both limits the I channel bandwidth to 1.5 megacycles and provides high- frequency 
time delay compensation to match the Q time delay. The I signal is further amplified by the I amplifier pentode, and fed to the I phase splitter, which supplies the positive and negative I signals necessary for matrixing. 

The proper ratio of I to Q signals is adjusted by a degeneration 
control in the I amplifier cathode circuit. 

Matrix and Output 
Fixed resistances are used in the matrixing. The adder and output 

stages for each color are combined in a twin triode. 
D -C restoration is applied to the red, blue, and green output signals 

by a triple diode tube. The plate return circuits for these three re- storers are arranged in a bridge circuit which is adjusted in such a 
way as to maintain proper tracking of the three kinescope grid bias 
values throughout the range of the master brightness control. 

Deflection Synchronization 
The synchronization signal is obtained from the plate circuit of 

the first video amplifier and is d -c coupled to the grid of the horizontal 
separator and a -c coupled to the grid of the vertical separator. Hori- 
zontal and vertical sync are added in the grid circuit which serves the 
function of sync amplifier and clipper. Variable clipping as a function 
of signal strength is obtained by connecting the grid resistor of the 
sync amplifier to the screen grid of the third picture i -f amplifier. 
Improved noise immunity in the vertical -deflection circuit is obtained 
by coupling negative noise pulses from the screen of the fifth picture 
i -f to the grid of the vertical -sync separator. The output of the sync 
amplifier is used for both horizontal- and vertical -sync information, 
vertical being fed through a printed integrator circuit for proper 
shaping before being applied to the vertical -deflection oscillator grid. 

Automatic Gain Control 
The AGC amplifier derives its control voltage from the cathode 

of the horizontal -sync separator. The magnitude of this voltage, 
together with the AGC control, determines the bias on the AGC tube. 
Plate supply is obtained from a horizontal kickback pulse, capacitively 
coupled to the yoke tap. The AGC tube conducts only at pulse time 
and is nonconducting during the remainder of the cycle. Negative 
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voltage is obtained by charging the plate capacitor and is applied to 
the i -f and r -f grids through suitable filter networks. A diode serves 
as a clamp on the r -f bias delaying the r -f bias for improved signal -to- 
noise ratio. 

Horizontal Deflection and High Voltage 
The horizontal- deflection system supplies the kickback pulses used 

in various circuits as well as the high -voltage potentials and horizontal 
scan. The horizontal- deflection output tube is driven by an oscillator 
and automatic frequency control circuit similar to that used in many 
monochrome receivers. A protective circuit which supplies fixed bias 
to the output tube grid is incorporated to protect the circuit against 
damage by failure of the horizontal -drive signal. 

The ultor voltage is supplied by a single high -voltage rectifier 
rectifying the kickback pulse and is controlled by a shunt regulator. 
A high -voltage control which is part of the high -voltage bleeder varies 
the bias to the control grid of the high- voltage shunt regulator to 
adjust the high voltage. This type of regulation keeps a constant load 
on the high -voltage system. In order to maintain the static conver- 
gence potential at a fixed ratio with respect to the ultor voltage, the 
d-c convergence control is used as part of the high -voltage bleeder. 

The focus voltage is derived from a separate rectifier tapped further 
down on the horizontal- deflection transformer, and the focus control is 
part of the bleeder on this rectifier. 

Two separate windings, one of them tapped, provide kickback for 
"killer" bias rectification, band -pass keying, burst keying, and hori- 
zontal- deflection dynamic convergence signal. 

The horizontal- deflection yoke is a-c coupled to the transformer. 
It is a series- connected yoke tapped up on the transformer so that both 
sides of the yoke carry pulse. This arrangement balances out much of 
the yoke ringing. In order to provide electrical centering to this 
arrangement and to keep centering current out of the transformer, two 
separate chokes are needed to connect in the centering control. One 
of these chokes is variable and serves as a width coil. 

Since the yoke is tapped relatively high on the horizontal -deflection 
transformer, the vertical- deflection yoke has been isolated from a-c 
ground by a bifilar choke to prevent loading of the kickback pulse by 
the capacity between the horizontal- and the vertical -deflection wind- 
ings in the yoke. 

Vertical Deflection 

Vertical deflection is supplied by a dual triode, the first half being 
a blocking oscillator and the second half driving the vertical- deflection 
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yoke section by means of an output transformer. Electrical centering 
is also used. 

Color Synchronization 
In order to recover the color information, it is necessary to gen- 

erate a local subcarrier of proper frequency and phase. To accomplish 
this, phase reference information is transmitted as a component of 
the composite color signal. This color synchronizing information is 
transmitted in the form of a "burst" of approximately eight cycles of 
the color subcarrier frequency and appears immediately following each 
horizontal synchronizing pulse in the composite signal. 

This burst is separated from the composite signal and is used in 
establishing the proper phase relationship between the transmitted 
signal and the lócal subcarrier. This subcarrier is generated by a 
quartz crystal oscillator whose exact frequency and phase is controlled 
by a reactance tube. The reactance tube derives its control information 
from an error signal proportional to the difference in phase between 
the transmitted burst and the local crystal oscillator output. 

This color synchronizing channel includes a keyer wave -shaping 
stage, a keyed burst -amplifier stage, a phase detector, a crystal oscil- 
lator, a reactance tube, and a 3.579- megacycle amplifier. 

The burst -amplifier stage is driven from a single -tuned coil coupled 
to the first video amplifier plate. A trimmer across the single -tuned 
coil provides hue control. The keyer tube is driven by a negative pulse 
derived from the horizontal deflection voltage. A positive flat -topped 
pulse from the plate is coupled to the low side of the burst input coil. 
The cathode of the keyer is connected to the cathode of the burst 
amplifier and bypassed providing an automatic adjustment of keying 
level. 

The plate transformer of the burst amplifier has a high- impedance 
primary and a bifilar secondary tightly coupled to the primary. With 
a turns ratio of 6 to 1, the output is approximately 60 volts peak -to- 
peak of burst on either side of the secondary center tap. 

The phase detector uses the triodes of two separate tubes connected 
as grid- cathode diodes with the plates connected to the grids. The 
phase detector compares the phase of the incoming burst signal with 
the phase of the locally generated signal. This locally generated signal 
is one output from a double -tuned transformer. The output of the 
phase detector is a d -c error voltage which is the reactance tube control 
signal. 

The reactance -tube stage is of the capacitive type. 
Operating the oscillator as a cathode follower has the basic advan- 

tage of eliminating the spurious oscillation to the reactance -tube plate 
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coil. For this type of circuit to oscillate, it is necessary for the cathode 
circuit to be resonant at a frequency lower than that of the crystal 
resonance. If the cathode circuit is tuned between the crystal resonance 
and the reactance plate coil resonance, it can then only oscillate at the 
crystal frequency. 

The 3.579 -megacycle double -tuned transformer amplifier is driven 
from tap on the oscillator cathode coil. A coupled transformer in the 
plate circuit yields low- impedance 3.579- megacycle voltages of the 
proper phase displacement for the demodulators. A tightly coupled 
tap from the primary provides I -phase color subcarrier to the I 
demodulator and reference phase color subcarrier to the phase detector. 
The secondary provides Q -phase color subcarrier to the Q demodulator. 

Tri -Color Kinescopes 

The tri -color kinescope, as used, is a simultaneous color display 
device. Structurally, the tube consists of three electron guns mounted 
with their axes parallel to the central axis of the tube, and spaced 120° 

apart. The focus electrode potential is adjusted to cause the beams 
to focus at the phosphor dot plate. All three beams pass through an 
electrostatic lens system, whose potential is adjusted to cause the three 
beams to converge at the phosphor plate. The three beams are electro- 
magnetically deflected by a common yoke. 

The control adjustments associated with the kinescope are of two 
categories, namely, static and dynamic. 

Purity, center convergence, cutoff, and background tracking are 
all static adjustments. The purity adjustment permits alignment of 

the electron beams so that each beam falls only on the proper color dots. 

Successful operation of a master background control requires that 
some provisions be made for the differences in the three phosphor 
efficiencies and also for the variation in gun characteristics. With the 
brightness control at maximum clockwise position the screen potential 
potentiometers are adjusted to give a gray low -light. 

The low -light bias tracking is done by the blue and green dividers 
across the top portion of the master background potentiometer. 

Center convergence of the three beams is done by adjusting the 
d -c potential of the convergence electrode for best super -positioning. 
Any residual error is due to mechanical inaccuracies of the gun align- 

ments and is corrected for by the use of the individual beam conver- 

gence magnets. 

Dynamic Convergence 

Since the phosphor plate and the shadow mask are flat surfaces, 

the distance the beams must travel from the deflection plane to the 
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central area of the aperture mask is less than the distance they must 
travel when deflected away from central area. If the potential on the 
convergence electrode which was necessary to produce center conver- 
gence remained unchanged, the deflected beams would cross over before 
reaching the phosphor plate. To correct this condition, it is necessary 
to modulate the d -c potential on the convergence electrode in such a 
manner as to produce a larger convergence electrode voltage as the 
deflection angle increases. Since the tube focus is changed by the 
dynamic convergence voltage, it is also necessary to modulate this 
electrode. 

The dynamic convergence and focus modulation voltages, each 
having the proper waveform, amplitude, and synchronism with deflec- 
tion, are produced by linear addition of a variable shape vertical 
parabola with a variable phase horizontal sine wave. The composite 
alternating output voltage is coupled to the kinescope convergence 
electrode and focus electrode through the respective output taps. 

The vertical- deflection dynamic convergence amplifier circuit com- 
bines, shapes, and amplifies the parabola and sawtooth waveforms 
derived from the vertical- deflection circuit for application to the 
kinescope. 

Sine -wave horizontal dynamic waveform is derived from two cas- 
caded series tuned circuits excited by horizontal kickback. 
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