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FOREWORD

HE EIGHTH volume in the RCA Technical Book Series was

l published by RCA Review in August 1948. This book—RADIO

AT ULTRA-HIGH FREQUENCIES, Volume II—includes
technical papers on various aspects of the higher radio frequencies
(the VHF and UHF bands and microwaves) written by RCA
scientists and engineers and originally published during the years
1940-1947. In addition to the papers published in full, a number are
also included in summary form. Two appendixes provide reference
material in the form of a UHF bibliography and summaries of all
papers appearing in RADIO AT ULTRA-HIGH FREQUENCIES,
Volume I (now out of print).

* * *

The ninth and tenth volumes in the RCA Technical Book Series
are being published in April, 1949. These two books—ELECTRON
TUBES, Volume I (1935-1941) and Volume II (1942-1948) include
technical papers concerning vacuum tubes, thermionics and related
subjects written by RCA scientists and engineers and originally pub-
lished during the years indicated. Summaries of various papers, a
bibliography and a reference list are included in each volume in addi-
tion to the complete papers.

* ¥* *

The eleventh volume in the RCA Technical Book Series is scheduled
for publication early this fall. This book extends the television series
started in 1936 and is entitled TELEVISION, Volume V (1947-1949).
Further information thereon will be circulated at the appropriate
time.

Volumes currently available in the RCA Technical Book Series
include:

Title Year Published
ELECTRON TUBES, Volume I (1935-1941) —1949
ELECTRON TUBES, Volume II (1942-1948) —1949
RADIO AT ULTRA-HIGH FREQUENCIES, Volume II

(1940-1947) —1948
FREQUENCY MODULATION, Volume I (1936-1947) -—1948
TELEVISION, Volume IIT (1938-1941) —1947
TELEVISION, Volume IV (1942-1946) —1947
RADIO FACSIMILE, Volume I —1938
Earlier volumes in the television and UHF series are out of print.

* * »

8
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Volumes in the RCA Engineering Book Series are under con-
sideration for future publication. Information thereon will be cir-
culated as the books are published. One volume is now available:

PATENT NOTES FOR ENGINEERS —1947
x* * *

RCA TECHNICAL PAPERS—INDEX, Volume 1I(c) (1948) is
being published this month and will be distributed early in April,
1949. Indexes now available include:

Volume I (1919-1945) ; Volume 11(a) (1946) ; Volume II(b) (1947);
Volume II(e) (1948).

* * ¥

A few of the seven-color RCA Radio Frequency Allocation Charts
are still available.
* %* *
Information concerning any of the above material may be obtained
by writing to:
RCA Review
Radio Corporation of America
RCA Laboratories Division
Princeton, N. J.

The Manager, RCA Review
March 21, 1949
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SOME NOVEL CIRCUITS FOR THE THREE-
TERMINAL SEMICONDUCTOR AMPLIFIER*

By

W. M. WEBSTERT, E.. EBERHARD] AND L. E. BARTONY}

Summary—This paper is concerned with circuits for the semiconductor
amplifier which consists of two small-area probes, known as emitter and
collector, placed on a block of semiconducting material to which is made a
third, large-area contact called the base comnection.

When such a device was announced, an amplifier circuit was suggested
in which the input signal is applied to the emitler and the output taken
from the collector, the base being the common electrode. The input im-
pedance of the device when connected in this fashion is low and the output
impedance is relatively high, a disadvantageous situation for most applica-
tions. In this paper two other amplifier connections are described. The base
electrode is used as the imput terminal in both of these circuits. In the
first case, output is taken from the collector and the input impedance 1is
of the order of the output impedance. In the second circuit, output is taken
from the emitter and the input impedance is much higher than the output
impedance. Equivalent circuits, both direct current and alternating current,
which are adequate representations of the semiconductor amplifier are
shown. Algebraic expressions and experimental values of impedance and
gain for each of the basic amplifiers are presented. The empirically derived
relationships which link the elements of the equivalent circuit to the applied
voltages are also given.

The paper discusses two novel oscillator circuits. The first is a two-
terminal sine wave generator making use of a very interesting property of
negative resistance in the base lead. The second i3 a simple relaxation
oscillator which will furnish either pulse or sawtooth wave form. It makes
use of megative resistance effects in the collector circuit when a resistance
is placed in the base lead.

INTRODUCTION

fier called the transistor was made known by the Bell Telephone
Laboratories about July 1, 1948. A more complete description
appeared in a series of three letters published in the July 15, 1948 issue
of the Physical Review.! Since then little information has been pub-
lished which pertains either to the fundamental nature of the transistor

T HE discovery of a three-terminal semiconductor (crystal) ampli-

* Decimal Classification: R363.

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

i Engineering Products Department, RCA Victor Division, Camden, N. J.

1J. Bardeen and W. H. Brattain, “The Transistor, A Semi-Conductor
Triode,” W. H. Brattain and J. Bardeen, “Nature of the Forward Current
in Germanium Point Contacts,” W. Shockley and G. L. Pearson, “Modula-
tion of Conductance of Thin Films of Semi-Conductors by Surface Charges,”
Phys. Rev., Vol. 74, No. 2, pp. 230-233, July 15, 1948.

b
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6 RCA REVIEW March 1949

or to circuits involving the transistor. It therefore seems desirable to
report some of the observations which have been made while evaluating
this type of device as a circuit element. The discussion which follows
begins with the evolution of a direct-current equivalent circuit with
which the static characteristics of the crystal amplifier may be dupli-
cated. From this, an alternating current equivalent circuit (for small
signals and low frequencies) and the dependence upon bias conditions
of the elements which make up this equivalent circuit are derived. A
discussion of the various basic amplifier connections will follow and
the description of two novel oscillator circuits concludes the paper.
The semiconductor amplifier has not yet been established on a
commercial basis. As a result, it is difficult to find two units with
substantially identical characteristics. The differences, however, are
generally quantitative rather than qualitative and the circuits which
are to be described are operable with a majority of the not obviously
defective units made in our laboratory.
The results discussed in this
mm&,U L. paper are confined to those obtained

EMITTER

using amplifiers made with ger-

§ [} T 5 : o
Eé-ﬁ”'"f' Sope Y E manium, the bulk of which is of
I T _JW\,M,_?: ' “N” or “excess” type. This type of
., ol . semiconductor is characterized by
: Se il impurity centers (or lattice defects)
arehiaL : which furnish the electrons essen-

|

ok beieleidy tial to conduction. When a crystal

BASE 3

rectifier is constructed using “N”
Fig. 1-—The semiconductor ampli- type material, its resistance will be
fier with contaet and bulk resist- . .
ances represented schematically. lowest when the point contact is
made positive with respect to the

crystal.

In this paper, reference is made to the three elements of the device,
as they are shown in Figure 1, in the following sense: The “emitter”
electrode is that contact of relatively small area which is normally
maintained at a positive potential with respect to the bulk of the semi-
conductor. The “collector” electrode is generally similar to the emitter
electrode but is maintained at a negative potential with respect to the
semiconductor. The “base” electrode makes contact to the material
over a large area; consequently, the contact resistance between the
base and the bulk of the semiconductor is very low.

EQUIVALENT CIRCUITS

By analogy to the theory of crystal rectifiers, particularly those
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SEMICONDUCTOR AMPLIFIER 7

made with germanium, it might be expected that the current flowing
from the emitter into the semiconductor (i.e. in the “forward” direc-
tion) would be an exponential function of some potential difference, E.
Moreover, £ might be expected to be the applied voltage, E,, less the
potential drop due to currents flowing in the bulk of the material.
Consider Figure 1. The bulk resistance is represented by a T section
of resistors. If E is assigned to be the potential difference appearing
across the contact resistance at the emitter, it is equal to

1;1' = E€+Rb (IC_IC) —RE IG (1)

where E,, R, B, I, and I, are as defined in Figure 1. The relationship
between I, and E as suggested above is:?

I.=k (e —1) (2)

where & and « are constants. If R, and R, are assumed to be constants
and values for I,=—f (F.,FE,) are obtained from experimental data,
I, may be calculated as a function of E, and E.. Such calculations show
good agreement with measurements.

All that remains is to determine the relationship between I/, and
the applied voltages. Unfortunately, there is no simple analogue by
which to be guided in considering this relationship as there was in the
case of the emitter. An analysis of the observed variation of I, with
respect to E, and E, has been carried out using the static character-
istics of several different units. This analysis has shown that a
variable resistance of magnitude R, —a — DFE may be used to replace
the contact resistance at the collector plus the unlabled branch of the
T section in Figure 1.

In other words, the equation

E,+R,1.
I,= — (3)

where E is as described above and E, is the voltage applied between
the collector and the base, expresses the variation of 7, with the applied
voltages to a sufficient degree of approximation.

Figure 2 is a direct-current equivalent circuit based on the above
conclusions. The contact resistance at the emitter is represented as

2 Torrey and Whitmer, CRYSTAL RECTIFIERS, p. 21, 1st Edition,
McGraw-Hill Book Company, New York, N. Y., 1948.
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D ~ve . an ideal crystal rectifier with an
T | . exponential characteristic in the
‘ AN i forward direction. The equations
for this circuit are given above as
(1), (2) and (8) in which a, b, F,
. e, R, and R, are constants which
F 'g'rgl:tA f‘(l)il}'e‘éﬁ:usl'é'::zzoenq(;‘&;’f‘gf"t dept?nd on the characteristics of the
amplifier. semiconductor material, the geom-

etry of the deviee and other factors

Bast

such as temperature.

Although calculations with this direct-current circuit are laborious,
they yield static characteristics which closely resemble measurements
even including the negative resistance regions of the emitter and
collector volt-ampere characteristics. Figure 3 shows measured and
calculated values of current versus applied voltage at the emitter and
the collector for comparison. In this case:

e =100 X 108 ohms a=14.4 volts—1
b =250 X 103 ohms per volt R, =170 ohms
k=2 X 10—% ampere R, =30 ohms.

Most of these constants vary considerably from one unit to another.

The direct-current equivalent circuit may be simplified if we re-
strict ourselves to small alternating-current signals. If we take the
total derivatives of equations (1), (2), (3) which govern the direct-
current equivalent cireuit:

&

| |/

€ E.=

; EC=IOV

m

0

<
MA

Ec=o V. F

(o] o

20

T~

3 / o // / @ =93V
VAR e
| % //‘f/a/&=o.2v

E, Ec

Fig. 3—The static characteristics of a typical unit. The curves were obtained
experimentally and the points by calculation from the direct current
equivalent circuit.
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dl.=kae®dE (4)
dE,+RydIl,=(Ry+a—DbE)dI,—bl,dE (5)
dE =dE.,+R,dI,— (Ry+ R,) d .. (6)

Then let us define:

dl,=1i, dE =¢;
dl,=1, dE,=e,
dE,=—e,
Equation (4) becomes:
e 1
t.—alg e or — = ——ohms,
te alg
equation (5): —e,+bl,eg=—Ryt.+ (By+a—bE) i,
and equation (6) : e,=¢e.+ Ry (¢,—1) — R, 1.

Figure 4 illustrates an alternating-current equivalent circuit® which
satisfies these three equations providing:

1
7'6 —+R6 rb:-Rb
al,
bl,
r,—c—bE ==
al R.+1

where I,, I, and E are direct-current values of current and voltage as
described above.

% B e Since this small-signal equiva-
EMITTER T —AAAN, ,","_'\—'~|-—<' COLLECTOR - . . .

i — | CE e lent circuit was derived from direct-
l 3 1 ' $lee q
i 3 d current characteristics, no reactive
t T8 H 9 .
} ; elements are included and its use
(] [} .
! ! must be restricted to low frequen-

BASE

cies. Experiments indicate that a

Fig. 4—An alternating current phase angle should be associated

equivalent circuit.

3 This alternating-current equivalent circuit, one of many which have
been found satisfactory, is similar to that presented at various technical
meetings by the authors of the letters referred to in footnote 1.
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with the dimensionless parameter u. The effects of this phase displace-
ment have been observed at frequencies as low as five kilocycles.

Using this equivalent circuit, expressions for input impedance,
output impedance and gain may be obtained for any connection of the
crystal amplifier. To simplify the algebra, the following approxima-
tions, valid over the operating range, have been made:

Te 1y =~ T, Te X T =~ T, pxl=~pu

AMPLIFIER CIRCUITS
S N N The circuit illustrated in Fig-
3"‘ . ure 5 was described by Bardeen

and Brattain.! This connection will
be referred to as the “emitter in-
put” connection. Expressions for
input and output impedance, and
power gain for this amplifier have
been derived from the equivalent

Fig. 5-—The emitter input circuit:
amplifier connection.

e .

; . BT
input impedance — r, + r 1 . —
R, +r
. BTy
output impedance - » 1 — -
L e (Ri+ 7.4 1y)

p2r2
maximum available power gain e
7o (Te+ 1) (14 8)2

7.1
where B= ,/1 i
" re (Pe+17y)
2R, R,
The available power gain is defined as 4 ————, 1, is the current
2

es
flowing in the load, R;, and the above equation is for matched condi-

tions. Near match, R, is of the order of 7, and R, approaches r, .

The term B in the expression for power gain is generally less than
unity but always positive in the region under consideration. The
stability of an emitter input amplifier is usually quite good.
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Experimental measurements yield the following numerical results
for a typical unit connected in this fashion.

input impedance - 700 ohms power gain — 16 decibels
output impedance = 30,000 ohms.

These values, and the numerical results of other analyses which follow,
were obtained experimentally by adjusting the emitter bias, load and
input matching device until the point of maximum stable gain was
reached. All such measurements were made at a frequency of five
kilocycles. No attempt was made to tune out any reactive components
that might exist.
The low input impedance of the
T e emitter input amplifier is generally
considered a disadvantage since a
4 * matching device is required for
f l < most applications. The description
[ L of two other amplifier circuits, both
—m——f == * of which are more satisfactory in
. 1+ this sense, will follow.
5 The circuit shown in Figure 6
is called the “base input” amplifier.

Fig. 6—The base input amplifier

connection. An analysis of this circuit shows:
r!
input impedance = 1r, + —————
17
} — :
RL + Tc
q MTe R+,
output impedance —r, | 1— PR SRS Sl S

p2re2 B2

re (re+ 1) (14 8°B)2

maximum available power gain

r.r
where, as before, B= /1 i b
1’ T (Te+17)
r
and ,3’=1//1__# ‘
ro

¢ This circuit was suggested by E. W. Herold of RCA Laboratories.
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Ty
Note that 8" will be less than 8 since ——— is less than unity. In
re+ 17
practice, (8’)2 may be equal to or less tehan zero while B is positive
as pointed out above.

Figure 7 shows graphically the dependence on emitter bias of the
input impedance. Two worth-while observations may be made while
inspecting these curves. 1) The negative resistance appearing between

the base and ground at low bias
voltages may be used to supply the
losses of a resonant circuit, and 2)
the very high input impedance in
the neighborhood of E, = 0.2 volts
(for this unit) is most attractive
when the device is to be used as an
amplifier. A two-terminal oscillator
which operates in the negative re-
I sistance region will be described
o - TR ater.

It has been noted that B’ in the
algebraic expression for power gain
may be zero or imaginary. This
indicates that the circuit is gener-
ally regenerative and high gain may
3 be obtained. Some care, however,
Fig. 7—The low frequency input must be taken to avoid unwanted
impedance of the base input am- ggcillations. Practical values of im-

lifier as a funection of emitter . .
Eias, . = 10,000 ohms, collector Pedance and gain obtained under

20,000 OnwS

10,000

INPUT IMPEDANCE
0
T

0,000

supply voltage = 10 volts. stable amplifier conditions are as
follows:
input impedance = 5,000 ohms

power gain = 23 decibels
output impedance = 10,000 ohms.

With careful adjustment of bias, a much higher input impedance
may be measured at low frequencies. However, it is generally not
practical to operate with matched impedances at this point because of
instability. At higher frequencies the situation is complicated by the
phase shift in p.

A third basic amplifier circuit is termed “emitter output” amplifier
and is illustrated in Figure 8. An analysis yields the following alge-
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braic expressions. Practical values obtained experimentally are also

listed.

input impedance = r, + —

(7‘0 + RL) 1'0

- 20,000 ohms

RL+1'0—,U.?'€

(Rl T rb) (vrc_:u' re‘ + TeTe
output impedance =| ————— ——— | = 500 ohms

R+,

'rc
— = 16 decibels.

maximum available power gain =

[\/;';'*' Vrc_.u're]z

Near match, R; will be of the order of r, and K the order of r,.

The emitter output amplifier may be used as a matching device
between stages of base input or emitter input amplifiers. As such, it
will furnish power gain to the system. The major disadvantage of

this circuit is that the power out-

~) € 3:.-

[+

Fig. 8 —The emitter output

I Le__ﬁ put which may be obtained is com-

paratively low. Operation is best in
I——b ; %‘ the region where r,— p 7, is of the
‘ , order of 7. The adjustment of the
- direct-current biases to obtain this
condition is quite critical.
The following table is included
in order that the three amplifier
connections may be compared. The

amplifier connection. results are those obtained experi-
mentally with an average unit. Be-
cause of the large variation in crystal amplifiers, these results should

not be considered typical of all units.

Emitter Input

Base Input Emitter Output

Input impedance ... 700 ohms
Output impedance.. 30,000 ohms
Power gain ....... 16 decibels
Voltage gain ...... 40:1
Current gain ...... about 1:1

Maximum power out-
put with tolerable
distortion ....... 2 X 102 watt

5,000 ohms 20,000 ohms

10,000 ohms 500 ohms
23 decibels 16 decibels
20:1 less than 1:1
10:1 40:1

2 %X 10—2 watt 10—% watt
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With the foregoing in mind, it is possible to design direct-coupled
amplifiers of two or more stages which fulfill certain conditions of
gain and impedance. One such combination is illustrated in Figure 9.
Using two average units in this circuit, stable gain of 36 decibels was
obtained. The input and output impedances were equal to 10,000 ohms,
at 5,000 cycles per second.

2

Fig. 10—A two-terminal sine-wave
oscillator.

Fig. 9—A two-stage direct-coupled
amplifier.

(OSCILLATOR CIRCUITS

As indicated in Figure 7 and the associated discussion, the input
impedance of the base input amplifier will be a “voltage controlled”
negative resistance under certain conditions, and a two-terminal sine
wave oscillator may be constructed which operates in this region. This
negative resistance is not associated with the “current controlled”
negative resistance observed in a crystal rectifier near breakdown.

Figure 10 illustrates such an oscillator. Signal output may be
obtained by coupling to the resonant circuit, the emitter or the col-
lector, loading at any of these points will decrease the amplitude of
oscillation. The circuit shown in Figure 10 may be operated with
about 40 per cent efficiency and is capable of delivering 50 to 100
milliwatts at a frequency of one megacycle. Experimental data indi-
cate that frequency variations with changing bias conditions are
fairly severe. There also exists a small frequency fluctuation that is
apparently due to the inherent noise of the device. This type of oscil-
lator may be easily pulse-modulated by the application of a pulse to
the emitter.

RELAXATION OSCILLATORS

A negative resistance of the “current-controlled” type appears be-
tween the collector and ground when a resistance is placed in the base
lead and the bias and supply voltages are properly adjusted. This
can be seen from the expression for the output impedance of a base
input amplifier. The presence of this negative resistance permits the
construction of the simple relaxation oscillator, illustrated in Figure
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11. The operation of this circuit is further explained in a qualitative
fashion as follows.

We have seen that both emitter and collector currents are increased
as the base is made negative with respect to the emitter. In this case,
the potential of the base is equal to R, (¢, —1t,) (the base is negative
if i, is greater than 7,). With the correct biases, the circuit becomes
regenerative with respect to the collector current. Connection of the
condenser, C, between the collector and ground, and the series resistor,
R,, between the collector and its power supply is all that is needed
to make a relaxation oscillator.

The factors responsible for the alternate charge and discharge
of condenser, C, will be investigated with the aid of Figure 12. This
is a plot of the collector voltage, E,, with respect to time. From
time t, to time ¢, the condenser is charged through R, by the power
supply. When the collector voltage reaches level A, the condenser is
discharged through the crystal amplifier by the regenerative effect

supmy
[voltact

e
[3 < |
BIAS [ |
== -

SUPPLY_L_ bR |Ec 2 fou CONDENSER _ L
T ;_ T+ ‘L-- ‘Nllﬁllﬁr B T ‘?..— — 5
Fig. 11-——A simple relaxation Fig. 12—The voltage across con-
oscillator. denser, C, as a function of time.

described above. The cycle then repeats itself. A sawtooth wave form
appears across condenser, C, and pulses may be obtained between the
base and ground.

Free-running operation at frequencies up to 100 kilocycles is pos-
sible with most units. A ratio of discharge time to charge time of
nearly unity may be obtained although performance will generally
be more satisfactory if the ratio is about 1:5. One microsecond pulses
with rise times of the order of 0.2 microseconds are obtainable. Out-
put voltage is available at the collector, the base or across an impedance
in the emitter lead. The latter coupling exhibits the lowest impedance
and, generally, the sharpest pulses.

If the circuit constants and biases are such that level A in Figure
12 is more negative than the collector supply voltage, the condenser will
not be automatically discharged and the circuit will operate as a single
cycle relaxation oscillator when an external trigger pulse is applied.
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Figure 13 shows the circuit of such an oscillator which is triggered
by a positive pulse on the emitter.

Measurements on both types in-

lﬁL‘;sGeER dicate a dependence of pulse-width
_“_{'T" ] on supply voltage. A variation as
R J Ry great as 6 per cent in pulse-width

may result from a 10 per cent

b J:c change in voltage. The high noise

- Ry == power generated in most crystal

T+ |+ amplifiers may be troublesome if

Fig. 13—A single cycle relaxation the circuit is operating in such a
oscillator. way that the collector voltage ap-

proaches either operating limit
slowly. In this case, there will be a variation in repetition rate and
pulse width of 5 per cent or more.

CONCLUSION

The crystal amplifier is a highly versatile circuit element. It has
been shown that it is possible to draw direct-current and alternating-
current equivalent circuits which are satisfactory representations of
the device. With a knowledge of certain constants, characteristic of
the semiconductor material and the geometry of the device, the be-
havior of a crystal amplifier of the transistor type may be predicted
for any connection and any set of bias conditions. The various ampli-
fier connections differ appreciably in input and output impedance.
Internal feedback in the device makes operable two novel oscillator
circuits.




STANDARDIZATION OF THE TRANSIENT
RESPONSE OF TELEVISION TRANSMITTERS*

By

R. D. KELL, AND G. L. FREDENDALL

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

Summary—Standardization of the square-wave response of a television
transmitter is suggested on the basis of a comparison of the response of
a standard monitor to square-wave signals generated by the transmitter
and the calibrated response of the monitor to a double-sideband television
stignal modulated by a square-wave.

Standardization of picture monitors also appears to be imperative
because uniform quality of transmission is desirable from all broadcasters.

INTRODUCTION

HEN the standards of the present television system were
i;\‘; 55; agreed upon by the engineers of the industry, it was realized
that additional standards relating to the amplitude and
phase or some equivalent characteristics of the transmitter would have
to be adopted later in order to fully specify the picture quality or
fidelity. At that time there was insufficient technical data and operating
experience with the complete television system to specify the addi-
tional standards and tolerances. There was, however, sufficient experi-
ence with vestigial sideband transmission and reception for stand-
ardization of the radio-frequency amplitude characteristics of the
transmitter and receiver, which are shown in idealized form in Figure
1. Tt is specified that the carrier position in the receiver shall be at
the point of 50 per cent amplitude response and that the lower side-
band spectrum and part of the upper sideband spectrum shall be
attenuated as shown. It is standard that the amplitude response in
the transmitter shall substantially cover the receiver characteristic
since the basic premise of the entire arrangement is that receiver
operation shall be essentially the same whether the receiver is supplied
with signal from a double-sideband signal generator or from a trans-
mitter in which the lower sideband is suppressed beyond the frequency
at which the receiver has no response. It was assumed that eventually
the phase characteristic of the vestigial sideband transmitter would
be specified. Adherence to standards is required of broadcasters. The
observance by manufacturers of receivers can only be advised.

* Decimal Classification: R140.
17
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During the seven years since the adoption of the standards shown
in Figure 1, considerable knowledge concerning the fidelity of trans-
mitters and receivers has been accumulated. In this paper a basis is
proposed for additional standards equivalent to a specification of
amplitude and phase but logically superior. The suggested standards
will include phase compensation networks for installation in the video
section of the transmitter that will make possible the attainment of
the fidelity of which the present system is capable.

Sole dependence on the amplitude and phase characteristics of
various parts of the system as the criterion of fidelity of picture trans-
mission has proven to be illusive because these quantities are not
divectly observable in a television picture, and therefore are difficult
to specify with logical tolerances. In a television picture of high
fidelity the transitions in half-tones corresponding to abrupt changes
in the subject are sharp and there is a4 minimum of spurious halftone
variations, such as leading whites or blacks, ringing, long black or
white smears, and so forth. Possible tolerances or permissible devia-

tions of phase and amplitude from
a the distortionless state within the

o

o

- wla

F I H n rw

x| sla &2 channel would have to be tried in
v b Yia : g Y L&

122 | E 212 connection with the transmission of

e y N2 fh . ;

e | b ¥neceiven cummncremsril critical waveforms which permit

vs5 | & ' observation of abrupt transitions
b ol v " & L w Mg . . ¢ g

L A lEE PR o and spurious signals. Such a criti-

“ ML P .u cal waveform that has received

- 6 MC

general recognition by engineers is
Fig. 1-—RMA idealized amplitude the unit function or its practical
characteristics of transmitter and :
FedelTams equivalent, the square wave. The
abrupt transition in a square wave
represents an abrupt transition in picture halftone value that involves
the transmission of video frequencies ranging from a few hundred
kilocycles to 4 megacycles per second. The flat part of a square wave
permits testing for long black or white smears and involves the lower
frequencies of the video spectrum beginning with 60 cycles per second.
It is reasonable, therefore, to use the square-wave response as the
primary measure of the overall performance of the television system.
In brief, the standard of Figure 1, which defines the type of trans-
mission, may be supplemented by standards which prescribe certain
significant characteristics of the wave shape of the output of a
standard monitoring receiver in response to a square wave applied
as modulation to the input of the transmitter.
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SQUARE-WAVE RESPONSE OF A TELEVISION RECEIVER

The concept of a standard receiver appears to be necessary in the
discussion of transmission and reception in a vestigial sideband system.
The sidebands of the radiated signal are not in proper balance until
the signal is passed through a selective receiving circuit having an
appropriate amplitude response such as the standard response of
Figure 1. It is obvious that all broadcasters should monitor with a
standardized receiver so the transmission characteristics of various
transmitters will not vary. A chaotic condition is likely to occur if
monitors are non-standard. At this point it is sufficient to observe
that a monitor should be a good receiver, the performance of which
could be duplicated in a high-grade commercial television receiver.
The combined radio-frequency and intermediate-frequency amplitude
response should approximate that shown in Figure 1. Before a basis
for the specification of standard monitor is given, a preliminary study
of the square-wave response of actual television receivers is helpful.

The response of a certain commercial receiver to a square-wave
transition generated by a double-sideband laboratory signal generator
is shown by curve 4, in Figure 2. This simulates the ideal functioning
of the transmitting portion of the television system and permits
analysis of the receiver alone'. The ultimate criterion by which the
real receiver may be judged is curve 3, the response of an idealized
receiver having the RMA amplitude characteristic of Figure 1 and a
linear phase characteristic. The real response (curve 4) departs from
the idealized response in two respects. First, the time of rise of the
real transition (0.13 microseconds) as measured between the points
of 10 per cent and 90 per cent response is greater than that of the
idealized transition (0.1 microseconds), and second, the transition
itself is dissymmetrical. The time of rise 7, is a measure of capability
of the receiver for the reproduction of sharp edges or transitions in
picture halftones. Symmetry or dissymmetry of the transition as
relates principally to the damped oscillatory component, commonly
termed a “cutoff transient”, occurs before and after the main transition
of curve 3, but only after the transition of curve 4. Cutoff transients
appear visually as striated patterns near the transition and are seen
more clearly when the amplitude is large and the frequency of repeti-
tion is low. The question which naturally arises concerning the desira-
" 1In all observations cited, the depth of modulation of the radio-
frequency carrier was moderate so that the peculiarities of vestigial side-
band transmission near 100 per cent modulation were avoided. For a dis-
cussion of these effects see R. D. Kell and G. L. Fredendall, “Selective

Sideband Transmission in Television”, RCA Review, Vol. 4, pp. 425-440,
April, 1940.
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bility of a symmetrical cutoff transient is answered in the following
section.

In practice, means must be provided at the transmitter for the
attenuation of one sideband in accordance with Figure 1. This attenu-
ation is provided in the output of the laboratory signal generator by
the use of a commercial vestigial sideband filter identical in design
to those currently used in the field2. In some transmitters sideband
attenuation is accomplished in several cascade stages of band-pass
amplification at the radio-frequency level®. Ideally, the square-wave

response measured at the output of the receiver should remain
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unchanged when the vestigial sideband transmission is substituted
for a double-sideband transmission. However, there is additional
waveform distortion introduced into the response due principally to
phase distortion associated with the attenuation of the sideband
spectrum. This is shown in curve 5 of Figure 2. A leading spurious
signal T,, which is barely evident in double sideband operation, curve
4, is prominently displayed in curve 5. If the transition is from white
to black the spurious signal appears as a leading white; if the transi-
tion is from black to white the spurious signal is a leading black. The

2 RCA vestigial sideband filter, type M19104-4 for channel 4.
3 “Design Trends in Television Transmitters”, Electronics, Vol. 21,
p. 76, January 1948.
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time interval occupied by this signal, as well as its amplitude, is of
considerable importance. Usually the interval T, is about equal to
a complete cycle of the cutoff transient, and therefore represents a
visible halftone variation when the viewing distance is such that the
eye tends to average the variation of a cycle of the cutoff transient
without responding to the halftone variation over the cycle. The axis
XX of the cutoff transient represents the general trend in halftone
variation as the transition attains the final level of 100 per cent. If
the axis does not coincide with the final level a smear component is
thereby introduced following the abrupt transition. A measure of
the smear component is the deviation D of the axis from the reference
level of 100 per cent and the length of time required for the axis to
attain this level. The slope may be either positive or negative, depend-
ing in part upon the position of the carrier on the receiver charac-
teristic. Operation below the point of 50 per cent response tends to
result in a negative slope.
Recourse to the steady-state

characteristics of amplitude and ™ 4 e

phase is helpful in explaining the . _*-
various aspects of the square-wave
response. Fortunately, the square-
wave response contains all of the =

REsPONSE

information necessary for deriva- Yl et
tion of the effective or overall am- .u(..:
plitude and phase distortion of the Fig. 3 Receiver (A) DSB trans-
receiver!. The term “overall video mission,

distortion” is especially appropriate

since the picture signal enters the signal generator as a video signal
and reappears at the terminals of the picture tube as a video signal.
Distortion originating in the radio-frequency, intermediate-frequency,
or the video sections of the receiver are conveniently lumped as an
equivalent video distortion. Figure 8 shows the steady-state character-
isties for double-sideband operation of the receiver. A more convenient
term, the relative time delay, equal to ¢/2xf is substituted for the
phase angle, ¢. The amplitude and delay characteristics of an ideal
receiver would be independent of frequency out to a limit imposed by
the width of the television channel. However, in practice both the
amplitude and delay characteristics fall short. The delay distortion
in Figure 3 exhibits a sharp up-turn at the end of the video .band in

~ #A. V. Bedford and G. L. Fredendall, “Analysis, Synthesis, and Evalu-
ation of the Transient Response of Television Apparatus”, Proc. I.R.K.,
Vol. 30, pp. 440-457, October, 1942.
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the range 3 to 4 megacycles as a consequence of the cutoff of the
intermediate-frequency and video-frequency amplifiers of the receiver.
A more gradual increase in delay occurs as the frequency becomes
lower over the range below 1.5 megacycles. If the delay distortion
in the lower frequency interval and the delay distortion above 3 mega-
cycles are removed, the magnitude of the following cutoff transients
of curve 4, Figure 2 is approximately halved and a similar transient
is added before the advent of the transition. That is, when the delay
distortion in curve 4, Figure 2, is arbitrarily removed, the resulting
response closely resembles curve 3, Figure 2, which is the ideal re-
sponse. The remaining discrepancy in the compensated response is a
slower time of rise caused by deficiencies in amplitude response, as
revealed in Figure 3.
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Fig. 4—Receiver (A) VSB trans- Fig. 5—Delay distortion introduced
mission. by VSB transmission.

A steady-state analysis corresponding to the square-wave response
(curve 5) of the complete vestigial sideband system appears in Figure
4. It is seen here (curve 9) that the introduction of vestigial sideband
transmission has acted chiefly to increase the delay distortion in the
frequency range below 3 megacycles. The shape of the delay curve 9
above 3 megacycles is unaltered and is still controlled exclusively by
the cutoff of the receiver. There is some modification of the amplitude
characteristic. The effective delay distortion introduced by the filter
as shown in Figure 5 is the difference between the overall delay
characteristic measured with and without the filter.

The existence of this delay distortion due to the means for obtain-
ing sideband attenuation prevents the reception of pictures with the
full fidelity possible within the 4-megacycle video channel unless cor-
rected. Fortunately, the delay distortion can be substantially removed
by the use of phase compensating networks connected in the video
input of the transmitter. For complete compensation, the delay of the
correcting network is complementary to the overall time delay char-
acteristic as calculated from the square-wave response of the receiver
when supplied with signal from a vestigial sideband transmitter. A
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very considerable improvement in the square-wave response of the re-
ceiver resulted when delay networks shown in Figure 6 were connected
in the video input of the laboratory signal generator. The total correc-
tion consisted of two parts, (1) a bridged-T all-pass section for
correction of the delay distortion introduced by the vestigial sideband
transmission and (2) an eight-section lattice type network for the
correction of delay distortion due to cutoff in the receiver. Figure 7
illustrates the successive stages of the improvement. Curve 4 is the
response of the receiver to a double sideband signal taken from Figure
2: curve 5 is the uncompensated response of the receiver to the vestigial
sideband signal taken from Figure 2; curve 11 is the response after
compensation of the delay distortion due to the sideband filter; curve
12 is the response involving compensation of the delay distortion due
to cutoff in the receiver, as well as compensation for the filter.

Compensation of the effective delay distortion due to vestigial side-
band operation by means of video networks is not absolutely inde-
pendent of the amplitude and delay characteristics of the particular
receiver over the range for which the upper and lower sidebands are
present®. This dependence does not

exist if the correction is made in
the radio-frequency section of the (41056 TRANSMISSION {EIvSB TRansmiIssIoN
transmitter, but the utilization of / \/

all-pass networks at television
radio-frequencies is not feasible in
general. However, since the present TRANSHSSON (1 e
. . vlo(orntupfcv'gsf.

television system has been estab- oo et
lished on the basis of the receiver Sk«
characteristic illustrated in Figure . - .

L. . Fig. 7—Television receiver square-
1, it is not anticipated that the wave response.

(19vS8 + ¢ corRECTION (2)vss +
REQUIRED FOR vSB uca?m?:gn r%%ccs%"

5 See appendix 1, Egs. (8) and (9); appendix 2, Eq. (14).
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designs of various commercial receivers will differ to such an extent
that a network can not be found that vields a high measure of correc-
tion for all receivers. Figure 8 confirms this assumption. Here the
effective delay characteristic of the filter has been calculated from
square-wave measurements made on unselected television receivers of
five different manufacturers. In this figure no curve deviates seriously
from the arithmetic average of all curves. Curve ¢ is the delay which
is exactly compensated by the bridged-T network shown in Figure 6.
It may be concluded, therefore, that this network connected in the
video input of a transmitter will substantially compensate for the delay
distortion due to vestigial sideband transmission. The means for
attenuating one sideband of the transmitter in accordance with Fig-
ure 1 will differ depending upon the transmitter design of the various
manufacturers. This means merely that the appropriate phase com-

pensation networks for the trans-

mitters of various types may differ
C\F\ RECEIVERs | slightly. Some amplitude compen-
) sation may also be required.

The fidelity of receivers would
be measurably improved if the de-
lay distortion due to the high-fre-
quency cutoff were compensated.
Since involved networks such as the
lattice structure in Figure 6 prob-
ably are required, their use would

FREQUENCY - MC. be justified only in receivers of the

Fig. 8——Delay distortion introduced dellfx.e class. However, it is to.be
by VSB transmission. anticipated that the compensation
required by the receivers of various

manufacturers will be similar, since the amplitude response of all
receivers must show high attenuation at the associated sound carrier.
Similarity follows from application of the minimum phase shift law®.
The possibility of including in the video section of the transmitter a
delay correction for all receivers is convincingly demonstrated by the
data taken on the receivers of various manufacturers as shown in
Figure 9. The amplitude characteristics of this group of receivers
ranged from substantially flat out to 4 megacycles to very low at 2
megacycles. The delay curves of this group of receivers are seen to
be similar in the range 2.5 to 4 megacycles. Curve ¢ in Figure 9 is

o

T

.04

RELATIVE TIME DELAY(% -MSEC
® .
o
A
'\

o

¢H. W. Bode, NETWORK ANALYSIS AND FEEDBACK AMPLI-
FIER DESIGN, p. 276, D. Van Nostrand Company, Inc., New York,
N. Y., 1945.
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the delay characteristic which is exactly compensated by the all-pass
lattice structure shown in Figure 6.

COMPENSATION OF A TELEVISION TRANSMITTER

A working illustration of compensation is given in Figure 10,
which shows the uncompensated and compensated response of a tele-
vision receiver located in Princeton, New Jersey, to a signal radiated
from television station WNBT in New York.

Figure 11 is a demonstration of the extent of phase compensation
possible in television transmitter WNBT, Washington, D. C., when the
networks shown in Figure 6 were inserted in the video frequency sec-
tion of the transmitter without modification of this particular trans-
mitter. In practice, adjustments would be made based on square-wave
measurements of the transmitter.

g4
[+
2 a2 \\ 1
3 \\\ f
3 10 \ — ———[r—
&> \ FBAE
3 osl e —+— Fig. 9—Overall
o \ \ A delay characteristics
o | of receivers of 6
= A \ manufacturers.
:é-‘ o4l B d;\.x ]
:.02 A \\ »
\¥

FREQUENCY MC

THE STATION PICTURE MONITORING RECEIVER

A standardized monitor is the first step in the direction of achiev-
ing uniform transmission characteristics among the television stations.
Such a monitor should have the characteristics of a receiver of a high
class that could be duplicated for domestic use if desired. The monitor
would not include costly compensating circuits for the correction of
delay distortion due to cutoff. There are various alternative approaches
to the specification of a standard monitor. One alternative involves
only steady-state amplitude and phase characteristics. It has been
pointed out above, however, that this approach must depend finally
upon transient response as a primary criterion. Hence, in devising
the standards which are proposed here, reference is made only to
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12 le—

Fig. 10—Overall
response of station
WNBT - receiver
at Princeton, N. J.

TIME ~ » L=
IMICROSECOND

UNCOMPENSATED COMPENSATED

certain frequency intervals of the Radio Manufacturers Association
(RMA) idealized receiver characteristics in Figure 1 that affect criti-
cally the performance of the monitor. One such interval is fi to f,

Figure 12) which contains the sloping portion of the amplitude char-
acteristic. Tolerance in amplitude response of about =+ 5 per cent are
proposed from f, to f; as shown in Figure 12. This amounts to a
definite restriction upon the position of the carrier between the points
of 45 and 55 per cent response. Symmetry of the remainder of the
sloping characteristic about the carrier position is desirable within
limits as suggested in Figure 12. The amplitude of the wing response
which occurs in the lower adjacent channel should not exceed a specified
maximum of about 5 per cent. A restriction on this wing response is
necessary in connection with the following specification of the transient
response of the monitor. The portion of the RMA receiver character-
istic between a frequency such as f; and the frequency associated
sound, f;, does not require specification since the overall video ampli-
tude and phase response corresponding to this region may be divided
in any physically possible way between the carrier-frequency and the
video-frequency portions of the monitor. The net contribution is
implicitly contained in the square-wave response of the monitor. The
wing response beyond the associated sound should be restricted to a
maximum amplitude of about 30 per cent. The response of the monitor
to a double-sideband signal which is modulated with a square wave
should be subjected to the tolerances illustrated in Figure 13. Such

—#0.3 IH——

Fig. 11—Overall

response of station

WNBW 4 station
monitor.

T ENENEEE
TIME—> !
5 kol
) MICROSECOND
UNCOMPENSATED COMPENSATED
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tolerances pertain to the fidelity of a response to an abrupt transition,
and therefore do not invplve the low-frequency characteristics of the
monitor. The time of rise as measured between the points of 10 and 90
per cent response shall not exceed a specified value, that is, the transi-
tion must lie within the region ALG. A time of rise at least as fast
as 0.12 microseconds is attainable. The anticipatory signal shall be
contained within the region DEFLGHJ. This limits the amplitude
and length of the leading white and leading black signals. The cutoff
transient shall be a damped sinusoid with a periodicity equal to or
greater than 4 megacycles. Cutoff transients having a periodicity
appreciably below the video cutoff frequency of 42 megacycles are
visible at normal viewing distances. The axis of the damped cutoff
transient shall lie within A, B, C, C’, B’, A’. This sets limits on the
smear signal component. The maxima and minima of the cutoff tran-
sient measured from the axis of the transient shall not exceed a
specified ampliture of about 20 per cent. Provision for a minimum
rate of damping can be imposed by stating for example that the fourth
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Fig. 13—Standardization of square-wave response of monitor.
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and successive maxima and minima shall not exceed 2 per cent.
The response of the monitor corresponding to the rising and falling
transitions of a square wave shall be subject to the same standard.

TRANSMISSION STANDARDS FOR TELEVISION TRANSMITTERS

A proposed standard for transmitters, including the means for
sideband attenuation, involves essentially a substitution method
wherein the monitoring receiver is the instrument for comparison of
the transmitter with a double-sideband signal from a distortionless
source such as a signal generator. Figure 14 illustrates one method
for establishment of tolerances. The square-wave response of the
monitor for a double sideband source is enclosed by two limiting
curves, which represent the tolerable limits. The response of the
monitor to an acceptable transmitter would lie within the area formed
by these. Compensating networks such as those used for compensation
of phase distortion introduced by the sideband attenuating means
would be regarded as an integral part of the transmitter when the
comparison with a double-sideband signal is made. The standardized
phase compensation for distortion due to cutoff in the average receiver
is conveniently specified on a basis of the steady-state delay and is
not included when Figure 14 is
considered. Figure 15 is the delay
characteristic of the compensating
network shown in Figure 6.

-
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Fig. 16 — Delay characteristic of

network for compensation of phase

distortion associated with cut-off in
receiver.
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STANDARDS FOR LOW-FREQUENCY RESPONSE

The effects of amplitude and phase distortion in the low-frequency
video spectrum ranging from 60 cycles per second to about 100 kilo-
cycles per second has been extensively studied by means of square-
waves having a repetition rate of 60 cycles per second. The fidelity
of television apparatus is judged by the extent of the deviation of the
output over the constant portion of the square wave, as illustrated in
Figure 16. A standard governing the low-frequency response of the
monitoring receiver may be set up by assigning limits within which
the flat top of the response must fit as shown in Figure 16A, and
Figure 16B illustrates limits centered about the response of the
monitor within which the response of the transmitter may fall. In a
manner analogous to Figure 14, the low-frequency square-wave re-
sponse of the transmitter may be
assigned limits centered about the (A)

response of the monitor to a double Loop
5, - . \71_!_
sideband signal bearing 60 cycles ‘Dgﬂv'}:nw

square-wave modulation. Such tol-

. A . - ;AONI';’OR SQUARE-
erances are indicated in Figure

WAVE RESPONSE

—" —Loap
6B 0 e e e s Eeseesea ¥
CONCLUSIONS
A square-wave response is set = (e) x L0
forth as the logical criterion of ===z ===t

fidelity for reproduction of tele-
vision detail, involving frequencies | AMONITOR SQUARE-
above 100 kilocycles per second, | ___- J-WAVE RESPONSE
and also subject matter involving

the low frequencies between 60 Fig. 16—Standarization of low-fre-
. quency square-wave response (A)
cycles and about 100 kilocycles per  Station monitor, (B) Transmitter.

second.

An experimental study of vestigial sideband transmission shows
that the phase distortion introduced by the means of obtaining side-
band attenuation in the transmitter and the phase distortion asso-
ciated with high frequency cutoff in the receiver may be compensated
by all-pass networks inserted in the video input of the transmitter.
Definite indications resulting from an analysis of five receivers having
different effective bandwidths are that a network designed for the
compensation of the average delay distortion of these receivers in the
range of 2% to 4 megacycles improves the square-wave response of
all receivers. It is proposed that correction for such an average
delay distortion be incorporated in the transmitter. Standardization
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of transmitters and station monitoring receivers is suggested through
the medium of square-wave response. The tolerances to be applied in
such standards involve engineering judgment as well as theoretical
considerations, and therefore are matters for industry-wide agreement.

APPENDIX 1

OVERALL VIDEO AMPLITUDE AND PHASE CHARACTERISTICS OF A
VESTIGIAL-SIDEBAND TRANSMISSION SYSTEM

As used here, a vestigial-sideband transmission system comprises
the carrier-frequency portions of the transmitter and receiver. The
input is a video signal applied as amplitude modulation of a carrier
wave and the output is the envelope of the carrier signal after passage
through the system. The overall video amplitude and phase character-
istics of the system refer to the ratio of output to input amplitudes of
a sine-wive of video modulation and the relative phase shift of the
output and input wave as a function of frequency.

A carrier wave of frequency f, modulated by a video sine-wave of
frequency f, has the well-known form:

e=F (14 mcos o,t) cos v,

mE mE
FE cos w,t - cos (wy + wy)t + ——cos (0, — w;y) L. (1)
2 2

The vestigial sideband system alters the relative amplitudes and phases
of the signal so that (1) becomes:

mA,
= [Accos (ot + @) + —g— cos { (o, + o1)t + ¢,}

mA

> = cos {(w,— o)t + ¢L}:| (2)

in which the subscripts ¢, %, and L refer to the carrier frequency, the
upper sideband, and the lower sideband, respectively’. The way in
which the alteration is divided between transmitter and receiver has
no significance provided the system is linear.

Since the envelope of the carrier signal is sought, (2) is expressed

7D. W. Epstein and W. J. Poch, “Partial Suppression of One Sideband
in Television Reception”, RCA Review, Vol. 1, pp. 19-36, January, 1937.
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in the form:

v="V,cos (ot + a). 3

The envelope V. is found to be a function of all of the amplitude and
phase factors and the percentage of modulation, namely,

m2
V,—E [A‘z 4 = (A2 + A2+ 2A,Aco8 (201t + ¢, — ) }

*
+ 7n'4c {Au cos (wlt + Py — d’c) + AL cos (‘”lt + b — d’L) }] (4)

Although no use is made of a in (3), it is interesting to note that
tan « as given by

mA, mA,,
A.sin ¢, +——sin (ot + ¢,) — sin (wyf — ¢)
2
tane=———nr = —  (B)
mA mA,

A cos ¢+~ -—2-u cos (ot + ¢,) + ﬁz— cos (ot — ;)

is in general a function of time and that therefore there is some phase
modulation of the carrier in a vestigial sideband system.

In all of the following derivations the assumption is made that
the percentage of modulation is sufficiently small that terms in m?2
and higher orders can be neglected. That is,

m
Ve =FK [Ac e ; {Au Cos (“’lt + ‘l’u—d’c) .7 AL cos (“’lt o ‘l’c' ¢L) }] :

(6)
The amplitude of the envelope is therefore proportional to
Au Cos (wlt it ¢u — d’c) + AL cos (wlt + ¢ — ¢L)
=V (f1) cos {o,t + ¢ (f1)}. (7
Therefore, the overall video amplitude characteristic is given by
V(fl) = [Au2 + AL2 + 2AuAL cos (¢u + ¢ — 2¢c) Ik (8)

and the overall video phase characteristic by
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A, sin (¢, —¢e) + Ay sin <¢., ¢L)
Au cos ((}5“ i ¢c) + AL cos (q.)c_ ‘I’L)

¢(fy) = tan—1?

(9)

APPENDIX 2

EQUALIZATION OF OVERALL AMPLITUDE AND PHASE DISTORTION IN A
VESTIGIAL SIDEBAND SYSTEM

Since, in general, V (f,) is not independent of frequency and ¢ (f,)
is not proportional to frequency within the video band, some amplitude
and phase distortion will exist. It is possible to insert equalizers in the
video input of the transmitter for the compensation of the output of
the system at the receiver.

A. Phase equalization

If a phase angle B(f;) is introduced into the video input of the
transmitter by a phase equalizer, (1) modified

e=FE [1+4 mcos (vt + B)] cos w,t (10)

and

Au Sin (d’u ¢O+B) +AL Sln (d’c—' ¢L+B)
b (fy)=tan"t —— o 0 (11)
A, cos (¢,,-—<I>c+,3) +ALCOS (¢a'—¢>z,+,3)

An equivalent form for (11) is

tan ¢, = tan (¢ + B)
or bpe=0¢+ B (12)

where ¢ is the uncompensated phase characteristic. Hence, if B(f,)
1s defined such that

=¢+B=af (13)

where a is a constant, the overall phase is proportional to frequency
and there is no phase distortion.

A different requirement may be that the overall phase character-
istic of a given receiver and an imperfect vestigial-sideband trans-
mitter with a suitable phase equalizer in the video input is the same as
the response of the receiver and an ideal double sideband transmitted.
That is, only the phase distortion due to the vestigial sideband trans-
mitter is to be compensated. For this case
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:8=‘”1T— (¢vs—¢ds) (14)

in which T is a constant time delay, ¢,, is the phase shift in the uncor-
rected vestigial sideband system, and ¢,, is the phase shift of the
system when the transmitter is ideal double sideband. If the value of
B in (14) is substituted in (11) or (12) there results

b = ¢vs+B:¢vs+ u’IT_'(‘#vs_‘i’ds) =‘°1T+¢ds° (13)

That is, the partially phase equalized vestigial sideband system has
the same distortion ¢, as the receiver operating in a double sideband
system. A formula for 8 may be developed as follows:

From (14) :

tan ¢4, — tan ¢,

3 (14)
1 + tan ¢4, tan ¢,

tan (,8—"“’1T) = tan (¢ds—'¢vs)

According to (9)
Aul sin V1 + ALl sin €1

tan g =—— (15)
Ay cosvy+ Apycose

Aul Au2 Sin (Vl - V2) + ALl AL2 sin (61 - €2)

tan ¢ o= — — (16)
Aul Au2 cos (Vl + V2) + ALl AL2 cos (€1 + 62)
where
vy = Pu1 — Par €6 = b — L1
Vg = o — Peo €& = g2 — P2

The subseript 1 refers to the amplitude and phase response of the re-
ceiver alone to the sidebands, and the subscript 2 refers to the ampli-
tudes and phases of the sidebands as radiated by the vestigial sideband
transmitter.

Case 1.

B in region of transmitted sideband for which A, = Ay, =0. Set-
ting Ay; =A;,=0 in (15) and (16) and stubstituting the values of
tan ¢, and tan ¢,, in (14), there results

B=—vo+ oy T =—ue+ o+ onT a7
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Case 2.
B in region in which both sidebands are transmitted.
B—tan-1A A, A,sin (g vy — V)
+Au A Apsin (v, — ¢ — )

A2, A sinv, — A2, A, sine
A, A, A, cos (e — vy —vs) Ay A A cos (v, € —€)
'A2u1 Augcos V2+A2,‘1A,_‘2COS € (]8)

+ w]T.

B. Amplitude equalization.

Phase and amplitude equalization may be applied independently and
without interaction. The amplitude characteristic V(f,) given by (8)
is the basis for design.




PHASE AND AMPLITUDE EQUALIZER
FOR TELEVISION USE*

By

E. DUDLEY GOODALE AND RaLrH C. KENNEDY

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

Summary—A phase and amplitude equalizer is described which permits
considerable improvement to be made in the performance of a transmission
system whose overall response has been deteriorated by poor phase and
amplitude characteristics. Specific examples are given in which it is shown
that the picture quality is appreciably enhanced by the use of such a device.
A brief discussion of the effects of phase and amplitude distortion on square
waves is included.

INTRODUCTION

MPLITUDE equalizers for use on audio frequency systems have
A long been known to the art. Their use in conjunction with
everyday transmission practice is as accepted as the use of
an amplifier. Phase equalizers have not become so well known, prob-
ably because the effects of phase distortion are generally considered
to be of secondary importance in the reproduction of sound and
they may be made to occur at frequencies above the audio range by
merely increasing the frequency response of the system. They are,
however, employed on many long distance circuits to compensate for
different times of transmission and to minimize the objectionable
effects of echoes. In video systems! such is not the case. For the
transmission of good television pictures the phase and amplitude
characteristics of the system assume equal importance. As a matter
of fact, in some instances the phase characteristic may be of greater
significance than the amplitude characteristic in contributing to pic-
ture deterioration. This is particularly noticeable at the higher video
frequencies when reproducing a sharp transition from white to black
or black to white.

Considerable information is available on methods of measuring and
calculating the phase and amplitude characteristics of a transmission

* Decimal Classification: R246.2XR583.
1H. E. Kallmann, R. E. Spencer and C. P. Singer, “Transient Response,”
Proc. I.R.E., Vol. 33, No. 3, p. 169, March, 1945.
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system,” * but thus far the art does not include much useful informa-
tion on how to apply corrections to result in an improved phase and
amplitude characteristic. One method of approach is to design con-
stant impedance lattice networks to produce the desired correction.?
Then by a series of transformations they can usually be unbalanced
and built in the Bridged-T configuration. This method is time consum-
ing and difficult, and the networks are fixed allowing no adjustable
correction to take care of normal variations in the many elements of
the transmission system. With the equalizer described in this paper
it is possible by simply turning knobs to effect not only amplitude
correction in the response of a transmission system but also to effect
phase correction within limits.> ¢ The amplitude corrections do cause

some phase changes but the phase

corrections do not cause amplitude

i variations. The equalizer may be

! S N . T T TN used in eamera chains, in trans-
1 5 P 5

- mitter feeds, at video relay points,

e J

or other locations where it is de-

. il' 1 .
Fig. 1—Response curve of phase sired to effect some improvements

and amplitude equalizer when used In overall transmission.
as a video amplifier.

EQUALIZER CHARACTERISTICS

The equalizer, when all phase and amplitude equalizing controls
are at zero, consists of an eight stage video amplifier whose response
is flat to 8 megacycles (see Figure 1) and down about 16 per cent at
10 megacycles. It is intended to be fed from a 75-ohm source and to
work into a 75-ohm load. The normal output level is 1 volt peak to peak.
The overall amplifier gain is 4. There is an 18 decibel variable wide
band attenuator located in the input circuit together with an additional
6 decibels of fixed attenuation which may be inserted if required. Thus
an input signal level of 0.25 volts peak to peak minimum and 4 volts
peak to peak maximum may be used to feed the equalizer to produce

2R. D. Kell, A. V. Bedford and H. H. Kozanowski, “A Portable High
Frequency Square Wave Oscillograph for Television,” Proc. I.R.E., Vol. 30,
No. 10, p. 458, October, 1942.

$A. V. Bedford and G. L. Fredendall, “Anlysis, Synthesis, and Evalu-
ation of the Transient Response of Television Apparatus,” Proc. I.R.E.,
Vol. 30, No. 10, p. 440, October, 1942.

¢ 0. J. Zobel, “Distortion Correction in Electrical Networks with Con-
stant Resistance Recurrent Networks,” Bell Sys. Tech. Jour., July, 1928.

5R. D. Kell and G. L. Fredendall, “Standardization of the Transient
Response of Television Transmitters,” pp. 17-84 of this issue.

$E. L. C. White, U. S. Patent No. 2,178,012.
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1 volt peak to peak output. The equalizer capacitively couples to input
and output circuits. The load may be coupled to either the plate or
cathode of the output stage thereby making available either polarity
of signal for utilization. This greatly increases the flexibility of the
unit. Facilities are also provided to terminate the unused output in
75 ohms. The equalizer requires 6.3 volts at 4.9 amperes for the heaters
and 4285 volts regulated at 140 milliamperes for the plates and
screens. All the tubes are self biased.

The amplitude equalization is accomplished by having adjustable
shunt peaked compensation circuits act as variable plate loads. There
are two such circuits, one preceding and one following the phase cor-
rection sections of the equalizer. One consists of a single coil shunted
with a variable resistance. This circuit provides high frequency peak-
ing at about 7 megacycles depending upon the value of the coil induct-
ance. The other amplitude correction circuit consists of three coils
~ any one of which may be connected
| across a variable resistance. The

e =R
| Ed | RER

B EREE

ALLATIVE mE3sousC
s
1
L}
\d
Z

; z ) . s : ' ; l
Fig. 2—Measured relative ampli- Fig. 3—Block diagram of phase
tude response of equalizer for two compensating network.
different settings of peaking con-

trols.

three coils produce maximum peaking at approximately 4, 2.5, and
1,5 megacycles respectively. The maximum peaking ratio is in the
order of 2 or 8 to 1. Figure 2 shows the measured amplitude peaking
response curves for two different settings of the variable resistance
across one of the coils.

The operation of the phase correcting portions of the equalizer
may best be understood by referring to Figure 3. The signal Ey to be
corrected is fed to the grid of the phase splitting tube. The plate out-
put of the phase splitter E; is fed to Amplfiier #1. A phase shifting
network is included in the plate circuit of the phase splitting tube.
The cathode output of the phase splitter E, is fed to Amplifier #2.
The output of amplifiers #1 and #2 are added vectorially in the grid
circuit of amplifier #3. The voltage E; applied to the grid of ampli-
fier #3 is the vector sum of E, and E,.
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It is possible to produce different degrees and types of phase shift
by shunting the plate load resistor of the phase splitting tube with
different variable reactances. In the schematic, Figure 4, there are
shown two specific cases, one of which is a capacity across the load
resistance, the other of which is a capacity in series with an induct-
ance, the combination of which is across the load resistance. These
two combinations permit the introduction of either leading or lagging
phase throughout a limited range of frequencies.

Figure 5 shows the measured overall relative time delay character-
istic of the unit for several typical settings of the phase knobs. Curve
A is for resistance and capacitance only in the plate circuit of the phase
splitter. Curves B, C, D, and E are for combinations of resistance,
capacitance and inductance in the plate of the phase splitter.

Figure 6 shows the effect produced on a square wave by various
values of inductance in the first “peaker” circuit. Likewise Figure 7
shows the effect on similar square waves of the second “peaker” circuit.
It is obvious that the several coils operate throughout different fre-
quency ranges. The purpose of these two compensating stages is, of
course, to correct mainly for certain amplitude deficiencies in the in-
coming signal. As might be expected the rate of rise of the wave
front is in general improved. Since the original signal used for test
was not particularly deficient amplitudewise the effect produced on the
signals exhibits itself as an overpeaking or an overshoot on the leading
edge. This effect is characteristic of a high boost. By selecting the
proper coil or combination of coils and an optimum amount of resist-
ance across them it is possible to produce a large family of amplitude
response curves. If the exact curve which is needed to compensate
any given system is known, it is generally possible to design a two
terminal network which could be inserted in place of the coil and
resistor combination to serve as the plate load of one or both of the
peaker stages in order to obtain the correct amplitude equalization.” 8

OPERATION

Figure 8 shows the effect of varying the capacity across the load
resistor of one of the phase shifting sections. The general effect of
an RC combination in the plate of the phase shifting tube is to pro-
duce an overall phase angle versus frequency curve which is concave
toward the frequency axis. The slope of such a curve decreases with

"T. E. Shea, TRANSMISSION NETWORKS AND WAVE FILTERS,
D. Van Nostrand Company, Ine.,, New York, N. Y., 1929.

8 K. S. Johnson, TRANSMISSION CIRCUITS FOR TELEPHONIC
COMMUNICATION, D. Van Nostrand Company, Inc., New York, N. Y.,
1925.
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Fig. 5-—Measured relative time de-
lay characteristic obtained with
various settings of phase controls.
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Fig. 6—Effect produced on a square

wave with the peaker potentiometer

open for various values of induc-
tance (first peaker).
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Fig. T—Effect on a Square Wave
with the peaker potentiometer open
(second peaker).

increasing frequency. This has the effect of producing an anticipatory
or leading transient as shown. By judicious juggling of the capacitance
and resistance it is often possible to neutralize reasonably well a
following transient or overshoot on the wave front. Practically speak-
ing the use of such a phase section enables one to partially neutralize
the following transient characteristic of an ‘“overpeaked” chain of
television equipment. In making the final overall adjustments on a
chain of television gear it has generally been accepted practice to
adjust the “high peaker” stage until either the following transient is
objectionable or the noise level has been increased to the point where
it becomes too noticeable. The peaking control is then reduced slightly
to the point where the following transient and noise are acceptable.
If, in the adjustment of such a chain, the noise level has not been the
determining factor but rather the following transient has been the
main limitation it is possible with the use of this device to partially
neutralize the following transient, in some cases actually see it dis-
appear from the right side of a transition from black to white and
appear on the left side of the transition as an anticipatory transient.
It is then possible to “repeak” the circuit and in many cases snap up
the pictures and improve the overall performance of the chain of
equipment.

In Figure 9 is shown the effect produced on the square wave of
the various inductances in the phase section when they are added in

L
NO ! Le L
c Ca Cs AMPLITUDE
AMPLITUDE BEAK NG
“EEaKING bRl - Ll

Fig. 9 Effects produced
Fig. 8—Effects produced on a square i duction of
T e tes i) (onoTe quare wave by the introduction of

: ' 2 various values of ind i -
various values_ o_f capacity in the ries with a small ﬁxel:iCt:aI;)c:cil:ysien
phase shifting sections, the phase shifting sections,
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Fig. 11-—Measured characteristics

of equalized picture transmitter

vestigial side band filter and WM-
12A Monitor.

series with a small amount of capacitance. Figure 10 shows the effects
produced on a square wave of the same coils in series with a larger
capacitance. When the L and C are properly chosen it is possible to
produce an overall phase versus frequency curve which is convex away
from the frequency axis throughout a limited range of frequencies.
For this range of frequencies the slope of the phase curve increases
with frequency. This has the effect of producing an overshoot on the
wave front or following transient similar in some respects to that
produced as a result of overpeaking. Practically, such an adjustment
of the phase equalizer has been used to advantage to partially com-
pensate for or minimize the leading or anticipatory transient intro-
duced by the side band filter at the transmitter.

In Figure 11 the overall amplitude, relative time delay and transient
characteristics of a typical television transmitter after equalizations
are shown.

When using the equalizer with the LC combination in the circuit
as mentioned before the slope of the phase curve increases with in-
creasing frequency only throughout a given range of frequencies.

Fig. 12—Phase and amplitude Fig. 13—Phase and amplitude
equalizer (front view). equalizer (rear view).
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Thereafter the slope reverses and starts to decrease with increasing
frequency. The effect on a square wave then may be to produce, as in
Figure 10, both leading and following overshoots. Generally speaking
it has been found desirable to avoid this condition.

CONCLUSION

This type of equalizer has been successfully used at Station WNBT
for over a year. Other similar units have been fabricated and used
in conjunction with a new system of high speed communication called
Ultrafax,” the kinescope recording of television images on film,!® and
outside plant shows originating in the field or out of town where
noticeable deterioration of picture quality had taken place during
transmission. In many cases a noticeable improvement in overall
picture quality resulted from the use of the equalizer.
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DEVELOPMENT OF A LARGE METAL KINESCOPE
FOR TELEVISION*

By

H. P. STEIER, J. KELAR, C. T. LATTIMER AND R. D. FAULKNER

Tube Department, RCA Victor Division,
Lancaster, Pa.

Summary—In recognition of the desirability of providing larger directly
viewed television pictures at reasonable cost, a 16-inch metal kinescope has
been developed. This tube provides a picture size intermediate between that
obtained from the popular 10-inch kinescope and the large screen of projec-
tion television systems.

The envelope of this tube consists of a truncated metal cone. To the
large end of the come is fused a relatively flat glass face plate; to the
smaller end, a tubular glass neck section containing the electron gun. The
metal cone is made of a high-chromium iron alloy chosen for its excellent
characteristics for sealing to high-quality inexpensive sheet glass. The
shape of the cone was chosen after consideration of methods of tube fabri-
cation adaptable to mass production and determination of strength require-
ments of the finished tube. Unique features of the tube are the large-area
vacuum-tight seal between face plate and metal cone, and the stress system
which permits the use of a relatively thin face plate of uniform curvature.

In order to fit into a wide range of applications, the tube was designed
to operate either with a lower-cost power supply such as used in present
10-inch receivers, or at much higher voltages. Elimination of ion-spot
blemishes is assured through the use of an ion trap in the electron gun.
The ion-trap system employed separates a stream of mixed ions and elec-
trons by means of a combined electrostatic tilted-lens and external mag-
netic fields.

INTRODUCTION

kinescope was announced to television receiver manufacturers.

This tube, the 16AP4, is the first metal kinescope ever developed
and is the outgrowth of 13 years of research, development, and produc-
tion in metal receiving tubes.

The 16-inch metal kinescope adds a very significant milestone in
the quest for larger and brighter television pictures at reasonable cost
in the home. Development of the metal-cone kinescope marks a distinct
cleavage with past practice in the manufacture of large television
picture tubes. In fact, the metal construction of the 16AP4 is the
factor which makes volume production of large directly-viewed kine-
scopes practical. The 10 X 13%3-inch picture obtained with this tube

HN January, 1948, the development of a 16-inch directly-viewed metal

* Decimal Classification: R138.31XR331.
43



44 RCA REVIEW March 1949

bridges the gap, both in entertainment value and cost, hetween the
now popular 6 X 8-inch picture of the 10-inch kinescope and the 15 X
20-inch picture provided by home projection receivers. The picture
size allorded by the 16AP4 answers the popular demand for larger
pictures at a lower cost than is possible with all-glass construction for
a directly-viewed tube with the same screen size.

A cathode-ray tube for television consists of three fundamental
pacts: an electron gun, a fluorescent viewing screen, an an elongated
envelope which contains the electron gun and fluorescent screen and
through which the electrons are directed. As the picture size require-
ment increases so does the size of the tube envelope, and with that
increase the ndvantages of the metal construction become increasingly
evident.

This paper describes the design and construction problems en-
countered in the development of the new 16-inch low-cost kinescope for
mass production. The discussion covers highlights of the metal kine-
scope design and structural requirements, the method used for sealing
¥luss to metal, application of the screen materials and tube coatings,
details of the ion-trap electron gun, and general electrical and physical
charactevistics of the tube.

REQUIREMENTS OF ILARGE-S1ZE KINESCOPE

In the development of the 16AP4, it was recognized first that to
make a large-size picture available to a sizable portion of the tele-
vision public, the kinescope to do the job must be designed for mass
production and low cost. A deslgn suitable for high-speed production
by automatic machinery is inherently Jow in cost. A design with
electrical requirements within the range of inexpensive high-voltage
and deflection power supplies makes for lower-cost television receivers.
A design having minimum volume and weight for a given picture size
lowers cabinet cost which is important because of the critical relation-
ship of cost to cabinet size. In addition, a kinescope must have a face
of good optical quality and little curvature to provide high-quality
pictures on an essentially flat viewing screen.

The 16AP4 metal kinescope meets these important criteria of low-
cost design and quality quite effectively.

SELECTION OF IXNVELOPE MATERIAL

The reasons for the selection of metal as a material for a cathode-
ray tube envelope are lower cost, plentiful supply of raw materials,
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ease of control of the dimensions of the fabricated part, durability, and
adaptability of the tube assembly to mass production.

The cost of an all-glass envelope to obtain a picture size equivalent
to that of the 16AP4 is, from all present indications, considerably
greater than the cost of the metal and glass assembly used for this
new tube. The formation of large masses of glass into the shape now
common to kinescopes involves techniques which are inherently expen-
sive. The art of heating and forming, and annealing and cooling heavy
masses of glass is highly specialized. The extent of the art and science
of metal working, on the other hand, is so vast that the supply and
control of metal components gives the user the ability to make rapid
changes at low cost. Glass as a raw material is not expensive compared
to the high-quality chrome-iron alloy used for the metal cone of the
16AP4, but here the advantage ends. Large all-glass tube designs
suffer in flexibility, because each minor change in shape or dimension
often necessitates extensive developmental work and major tooling
expense.

The manufacture of large glass products with accurate dimensions
is very difficult. Tolerances of + 0.030 inch or less are considered ex-
pensive in glass kinescope bulbs, while in metal forms of the shape
used in this tube, tolerances of = 0.010 inch are easy to maintain.
Mass production of tube assemblies by high-speed automatic equipment
requires close dimensional control if a high-quality product is to be
assured.

The foregoing comparisons between glass and metal kinescopes are,
of course, based on present conditions. They are not meant to imply
that progress in glass has stopped. Indeed, when one considers the
vast progress that has been made in the fabrication of large glass
envelopes since the end of the war, the very considerable force of skilled
technicians who are currently attacking the problems, and the com-
petitive threat of the metal envelope, it is to be expected that additional
improvements will be made. However, the art of using metal in kine-
scope envelopes is relatively new and, like all new techniques, is subject
to rapid improvement. In certain respects, notably in weight, accuracy
of dimensions, strength, and relative ease of manufacture it appears
to have inherent advantages.

ESSENTIALS OF METAL-CONE KINESCOPE

The basic construction of a kinescope consists of a circular, nearly
flat, glass plate on which is formed the picture image, and a conical
body to the large end of which is attached the viewing screen and to
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the small end a cylindrical neck containing the electron gun. The gun,
cone, and screen have coaxial symmetry.

Associated with the tubes of this type are external magnetic, elec-
tron-beam-deflecting and focusing coils and ion-trap magnets. Because
4 minimum of magnetic shielding is desired between these external
magnetic fields and the electron beam, glass serves best as the neck
material. Also, there must be sufficient electrical insulation between
the external magnetic coils and the high-voltage anode area of the
metal cone.

As can be seen in the cross section of the tube given in Figure 1,
the metal tube consists of a truncated metal cone to the large end of
which is fused a relatively thin, nearly flat face plate, and to the
smaller end of which is fused a glass flared neck section containing the

Fig. 1 — Cross sec-
tion of metal kine-
scope 16AP4.
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electron gun at its lower end. The flared section provides electrical
insulation between the deflecting coils which operate at ground poten-
tial and the exposed metal cone surface which operates at high potential.

SELECTION OF METAL FOR CONE

In the selection of a metal for use in the cone portion of the tube
the primary concern is with its glass-sealing properties. The major
properties required of a good glass-sealing alloy are:

1. The coefficient of expansion of the metal must match that of
the glass.

2. The metal oxide formed in heating the metal must be soluble
in glass.

3. The metal oxide must have excellent adherence to the base
metal.
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4. The metal shall not be readily over-oxidized to form a thick
porous oxide.

Of all the glass-sealing alloys available, those including chromium
in their composition have the above properties to the largest degree.
The investigation of metal suitable for the cones was, therefore, limited
to the chromium-bearing alloys.

Additional requirements imposed on the metal by the use for which
it is intended are that it have a high tensile strength, both at room
temperature and at tube baking temperatures, that it have good cor-
rosion resistance, and that it be vacuum tight.

The metal chosen after considerable experimentation was a modifi.
cation of a commercially available high-chromium alloy — S.A.E. Type
446. Fortunately, it has most of the desired properties although it is
difficult to form.

METAL-CONE DESIGN CONSIDERATIONS

In addition to the selection of a suitable metal, design of the metal
cone involved a mathematical analysis of the mechanical stresses. As
was anticipated, the critical point in the structure was found to be the
junction between the glass face plate and the metal cone.

Atmospheric pressure on a face plate 16 inches in diameter exerts
a total force of about 1% tons. For safety purposes, however, the 16-
inch kinescope was designed to withstand a minimum of three atmos-
pheres or 4.5 tons. In an all-glass bulb the loading created by the
atmospheric pressure is supported by a relatively heavy wall near the
maximum diameter of the bulb. In the case of the metal cone this
support is achieved by building up the face-plate-sealing surface of
the cone in the shape of a truncated rim-cone supported at one end by
a cylindrical rim and at the other end by the main cone. Figure 2
gives a cross section of the face sealing area. The rim of the cone is
shaped to afford maximum resistance to tangential tension forces ap-
plied to it by the face plate. This rim shape was designed during the
early stages of development of the metal kinescope by Tube Depart-
ment engineers in 1937 and has proved to be the most practical solution
to the problem of providing sufficient strength at the tube face periphery
where the forces of atmospheric pressure on the slightly curved face
plate are concentrated. Figure 3 is a picture of the device used to
measure mechanical deformation of the sealing rim during the experi-
mental work on the tube. In making these measurements the tube was
gradually evacuated and deformations of the rim and face were
measured by the gauges shown in the picture.
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The conical shape was chosen
for the metal cone to keep the vol-
ume as small as possible. The cone
oy is fabricated by a spinning process,
FACE PLATE and, as is shown in Figure 2, the
main cone wall thickness is thinner
than the sealing surface. The extra
strength is not needed in the side
wall and so it is made proportion-
ately thinner.

Lie

Fig. 2—Cross section of cone rim.

SELECTION OF FACE-PLATE MATERIAL

Most kinescopes, at the present time, have faces made by pressing
molten glass in an iron mold. Face plates made by this method are
characterized by roughness, light scattering, and visible foreign parti-
cles which cause noticeable reduction in picture quality. Improving the
face plate quality without incurring additional cost was accomplished
in the 16AP4 by selecting high-quality window glass for the face plate.

In a kinescope, some face curvature is made necessary by the fact
that to support atmospheric pressures, an evacuated envelope must be
curved or have an excessively thick wall. The glass face of even a
10-inch kinescope is subject to a total force of about 1200 pounds. As
the glass kinescope becomes larger, the force on it becomes greater
and the face, therefore, must be relatively thicker. With increasing

Fig. 3—Pressure
deformation test
equipment.
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thickness, of course, the problem of achieving good optical quality be-
comes greater. The 16-inch metal kinescope was designed to have high
strength in the metal rim so that the face plate can be relatively thin
and nearly flat. The face plate is only 3/16 inch thick and has a radius
of curvature of about 27 inches. With glass of this thickness good
optical quality is easily obtained.

An examination of the expansion curves of all the available brands
of window and plate glass manufactured in the United States showed
that they all had practically identical expansion curves. To check the
expansion, however, samples of every brand of window glass that
could be located were purchased and seals made. One of these glasses
showed a substantial reduction in seal strain, being about one-half
that of the other samples tested. This glass had a lower setting point
which made the over-all expansion difference between the metal and
glass lower. Because the glass was lower in expansion than the metal,
the metal would contract more than the glass when cooling from the
annealing point, and thereby would put the glass into compression.
Since glass is very strong in compression it was decided to develop face
plates of this glass. The initial seals proved disappointing because
little was known of the sealing and annealing techniques necessary for
the new glass-to-metal seal. As more experience was gained, however,
a practical method was evolved which permitted control of the stress
distribution in the face plate, so that finally both tangential and radial
compression was obtained. The resulting assembly is considerably
stronger than an all-glass envelope of comparable size.

The face plate used in this tube is made by either pressing or
sagging window glass. It takes the form of a section of a sphere 27
inches in radius. This curvature was adopted as a compromise between
cost, strength, and flatness after face plates of various radii of curva-
ture were tested. The face-plate radius of curvature is uniform from
center to edge. In an all-glass construction the face radius of curva-
ture usually becomes smaller near the rim of the tube in the region
where the television picture corners are located.

GLASS-NECK CONSIDERATIONS

The glass neck section for this tube requires a glass which matches
the expansion characteristic of the chrome-iron cone, has softening
and annealing temperature properties which permit its use and process-
ing with the glass chosen for the face plate, and has expansion proper-
ties suitable for sealing to the stem glass containing the electrode
connector leads. In addition, high electrical resistance between the
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outside and inside of the neck is required. Lead glass, #0120 meets
these qualifications fairly well and was adopted for use. As stated
previously, insulation between the deflecting yoke coils and the metal

cone is necessary. This requirement was met by the flared design of

the lower portion of the glass cone as shown in Figure 1. The feasi-
bility of manufacturing the lower cone by a pressing operation on high-
production equipment reduced the cost of the part.

A butt seal between the lower glass cone and the metal lip at the
small end of the metal cone was needed so that the operation of sealing
the two parts could be performed on automatic machinery. The butt
seals have been quite successful and a very clean sealing operation
results between the two parts, although the expansion properties of
#0120 glass are not matched to the chrome-iron of the cone as advan-
tageously as are those of the face-plate glass. By a selective system of
strain distribution through parts design and a proper annealing and
cooling cycle, the correct structural strength is obtained.

GLASS-TO-METAL SEALING

Until now the discussion has been limited to the design and economy
of components. The processing costs, however, as reflected in process-
ing speeds are just as important to low-cost design.

The processing of bulbs in the manufacture of kinescopes involves
heating, annealing, and cooling of the tube envelope. The time required
for these three processes is approximately dependent upon the square
of the glass thickness. Any reduction of glass thickness, therefore,
permits reduction of processing time. Because the glass required for
the 16AP4 is 14 to Y3 the thickness used in an all-glass construction,
a large reduction in processing time is possible.

As previously mentioned, the ‘“‘sealing” of glass and metal parts
depends, in general, upon the ability of glass in the molten state to
partially dissolve strongly adherent metallic oxides, thus forming a
mechanically strong bond between the glass and metal. The sealing
process, therefore, consists of oxidizing the metal and then melting
the glass in contact with the metal and holding it in the molten state
until the bond is formed. The process used for sealing the glass face
plate and the metal cone consists of placing the face plate and cone
on the sealing machine, rotating the assembly, and heating it uniformly
until it is close to the annealing point (temperature at which glass is
fluid enough to allow stress relief without deforming) of the glass.
At this time, the sealing heat is applied to the sealing area so that
the glass in contact with metal is melted and the seal formed. Air
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pressure is used inside the cone during this operation to hold the face
plate in position and to work and form the seal. The shape of the seal
is important, because a smooth contour eliminates points of high stress
concentration in the seal area. Such stresses weaken the glass and may
cause glass breakage. At the completion of the sealing operation, the
bulb is transferred to an oven maintained near the annealing tempera-
ture of the glass and allowed to temperature-equalize. It is at this
point that the most radical change in processing has been made. Norm-
ally, when glass is cooled from its annealing point, it is necessary to
lower the temperature of the glass very slowly to avoid excessive
strains. In the case of the metal kinescope, it was found that this slow
cooling is not necessary and that the bulb can be removed from the
oven at a temperature near the annealing temperature and then allowed
to cool in air at room temperature. This operation is possible because
cooling and shrinking of the metal places the glass in both tangential
and radial compression to limit the formation of tensile stress.

Prior to the face-plate sealing ‘
operation, the neck assembly is ,‘{,r
sealed on by conventional glass-to-
metal sealing methods and then
flame annealed.

BULB STRENGTH TESTS (

The mechanical strength of the

bulb is extremely important. After 43
the sealing operation, the cone-face - )
plate-neck assembly should be able \ figfiw ’_‘-
to withstand air pressure of 60
pounds per square inch, or pressure
one atmosphere greater than speci-
fied for the finished tube. This extra strength is necessary to allow
for any additional strain that might be caused during processing.

Fig. 4—Pressure test failure.

Figure 4 is a picture of a pressure-test failure which occurred at
a higher-than-normal test pressure. Radial cracks indicate that the
sealing lip was expanded under pressure, placing the glass in tangential
tension.

In addition to the standard pressure test, other tests have been
made to test the strength of the metal bulb. One of these was a thermal
shock test in which the face end of the bulb was taken from boiling
water and plunged into liquid air, allowed to temperature-equalize, and
then transferred back to the boiling water. No breakage of the glass
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occurred. Other tests have been made on the effects of deformation or
impact while the bulb is under vacuum. It is interesting to note that
the failure of a glass bulb under similar conditions is usually accom-
panied by an implosion which shatters the entire bulb. To date, all
test failures of metal kinescopes have shown the typical radial crack
pattern shown in Figure 4. The face plate is held together by com-
pression until the vacuum is relieved. At worst, a portion of the face
plate may then fall in and bounce out, but with insufficient force to
cause appreciable damage. Failure of an all-glass bulb face is accom-
panied by a failure of the glass rim inward toward the bulb center
where the glass meets and is again broken into smaller particles by
the impact.

SCREEN APPLICATION

The phosphor employed in the screen of the 16AP4 is a mixture of
blue-emitting zinc sulphide and yellow-emitting zinc cadmium sulphide.
This combination, when properly manufactured, blended, and applied
to the kinescope face plate, is a very efficient emitter of white light.

A most important preliminary step in the application of screens to
the 16AP4 consists of a thorough cleaning of the interior of the bulb
assembly. The slightest trace of dirt or grease would prevent the
phosphor particles from adhering properly to the face plate. Handling
marks such as fingerprints and etched areas on the face plate, would
harm the appearance of the screen and the resulting picture. The
presence of traces of certain metallic impurities, for example iron,
cobalt, or nickel, can “poison” or decrease the efficiency of the phosphor.
It is interesting to note that the limits of most chemical purification
processes coincide with the order of magnitude of activator usually
necessary to produce efficient phosphors, and with the magnitude of
a poisoning element detrimental to phosphors. The magnitude of the
activator is in the range of one thousand to one hundred million parts
of phosphor to one part of activator or impurity.

The cleaning of the metal kinescope bulb is more difficult than that
of a glass bulb because of the matte surface of the metal. In addition,
the large areas of metallic oxide formed by the heat of the glass-sealing
fires and the attendant possibility of scaling add to the problem. The
cleaning process consists of flushing with solutions of sodium hydroxide
and hydrofluoric acid, and rinsing thoroughly with tap and distilled
water. Vigorous agitation is required to remove small flakes of metallic
oxide hanging loosely from the metal. The washing is done by auto-
matic machinery.
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The screen is applied to the 16 AP4 bulb by settling the phosphor
from a suspension of double-distilled water and phosphor containing a
suitable binder to promote adherence of the phosphor particles to the
glass face plate. A “‘cushion” layer containing a dilute potassium sili-
cate solution is poured into the bulb assembly and the suspension of
screen material evenly distributed over the surface of the cushion layer.

In manufacture, the screens are applied to the bulb assemblies on
a continuously moving belt, similar to that developed for the 10-inch
television tubes. The bulbs are loaded into pockets on one end of the
belt, face plate downward, and settling solutions introduced. All opera-
tions are conducted while the belt is advancing at the rate of a few
inches per minute. By the time the bulb assembly has reached the
opposite end of the belt, the screen has settled to the face plate, and
the settling suspension is decanted as the belt moves around a large
pulley at the end of the belt. When the neck end of the assembly is
inverted and all the settling suspension drained off, the glass neck is
cleaned with a dilute solution of hydrofluoric acid to remove the re-
maining silicate. As the bulb assembly moves along the underside of
the belt, the screen is dried and the assembly is then removed by the
same operator who loaded it.

Each screen is inspected by transmitted and reflected light, and
with ultraviolet radiation before the tube is completed so that no
defects such as spots, holes, or colored areas are present which can be
detected by the eye at normal viewing distance.

COATING APPLICATION AND TUBE ASSEMBLY

A graphite conductive coating is applied to the inside of the glass
neck section from the flared end down to just beyond the middle of
the tubular section. This coating, shown in Figure 1, connects with the
metal cone and is the conductor which maintains the inside of the
glass neck section at the same potential as the metal cone. The screen
and the conductive coating are baked to insure their adherence to the
glass surfaces.

The electron gun is sealed into the bulb assembly and the tube is
then exhausted by a straight-line exhaust machine initially developed
for the 10-inch kinescope. The base is cemented to the tube neck. The
cathode is aged to stabilize emission and the tube is then tested.
Finally, the large sealing rim is wire-brushed to remove oxides in
order to insure a good electrical connection for the anode high voltage.

Externally, the tube receives three different coats of paint. One
is a conducting paint applied to the metal rim used as the anode con-
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nector, the second is applied to the main cone as a decorative finish,
and the third is an insulating paint applied to the flared part of the
glass neck section. This coating prevents electrical leakage between
the anode and the deflecting coils under conditions of high humidity.

ION-SPOT PROBLEM

The electron gun of the 16AP4, although it uses conventional as-
sembly methods and parts, has some novel features worthy of discussion
in detail. One of these features is the tilted-lens ion trap.! This par-
ticular type of ion trap is a post-war development and was first used
in the television kinescope type 10BP4. The ion-spot problem, which
was so common in earlier television tubes, will be review briefly and
the operation of the ion trap explained.

An ion spot is a dark discoloration which may appear on the screen
of a cathode-ray tube using magnetic deflection after operating for,
in some cases, only a few hours and in others, a few hundred hours.
The discoloration often increases in intensity and becomes darker as
the tube is operated. The spot is the result of deterioration or fatigue
of the screen phosphor in the area bombarded by the relatively heavy
negative ions in the beam. In 1935, Freisenwinkel? and Von Ardenne?
reported the presence of negative ions in the cathode-ray tube and dis-
cussed the effect of these ions on the sereen. A number of methods
have been proposed since then to prevent screen bombardment by nega-
tive ions. The problem can be approached in several ways. The most
obvious method would be to prevent the formation of negative ions in
the tube. If it were possible to evacuate the tube so that all residual
gas were removed, positive ions, which are generally formed by direct
electron collisions with gas molecules in the space, would not be formed
along the path of the beam. The residual gas in the space, however,
is not always the major source of ions. During the normal operation,
the cathode as well as other parts in the tube are heated and some gases
and ions are continuously emitted. H. Schaefer and W. Walcher*
indicate that the negative ions originate at the thermionic cathode
largely as a result of positive ion bombardment and possibly as a result
of direct emission. Exhaust methods alone, therefore, cannot be con-
sidered as a means of eliminating ion spot formation but serve merely

1 J. Kelar—U. S. and Foreign Patents Applied For.

2 Freisenwinkel—Archiv fiir Elektrotechnik, Vol. 29, 1935, p. 272.

8 Von Ardenne—Archiv fiir Elektrotechnik, Vol. 29, 1935, p. 731.
(Translation in Television and Short Wave World, Nov., 1936, p. 626.)

' H. Schaefer and W. Walcher—Zeitschrift fiir Physik, Vol. 121, pp.
679-701, 1943.
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to delay this formation. Another approach is to use a screen phosphor
which can withstand ion bombardment without damage. However, such
phosphors capable of fluorescing in the proper colors and with reason-
able efficiency are, at present, not available.

Ever since the effect of ions on the screen was recognized, attempts
have been made to prevent them from reaching the sereen. Such at-
tempts have usually been concerned with removal of negative ions
from the beam. The fundamental principle of separating streams of
particles of different mass by passing the mixed beam through a mag-
netie field is well known and has been used for a long time in the mass
spectograph to obtain an ion spectrum. It was used by Strigel® to
separate positive ions from mixed beams of electrons and ions.

Because, in an electrostatic field, deflection of a beam of particles
is independent of the mass of the particle and, in a magnetic field, is
not, a method is available by which the electrons can be extracted from
a mixed beam of electrons and relatively heavy ions. A number of
designs have been proposed which use electrostatic and magnetic fields
separately or in combination to separate electrons and ions.® In tele-
vision tube applications, it is desired to use the electron beam but to
discard the ions. The device used to separate and discard the ions is
called an ion trap.

TiLTED-LENS ION TRAP

Most ion traps proposed in the past have used combinations of non-
symmetrical gun structures, bent necks, and extra electrostatic deflect-
ing electrodes which required additional connections for the application
of voltages. Such designs were complicated and, therefore, added to
the cost of the tube. Because of the need for a simple but dependable
ion trap, a development program was undertaken which resulted in
the tilted-lens ion trap used with the 16AP4. This design has been
tested on many thousands of 10-inch tubes and has proved highly satis-
factory. The principal feature of this method is the electron gun which
has a tilted electron lens formed by cutting the adjacent ends of grid
No. 2 and grid No. 3 at a slight angle to the plane normal to the gun
axis. The arrangement is shown in Figure 5. The tilted lens deflects
the mixed beam of electrons and ions away from the axis of the electron
gun. In order to return the electron stream toward the axis of the gun
a magnetic field of proper direction and strength is positioned in the

5 Strigel—U. S. Patent 1,911,976.
6 Branson—VU. S. Patent 2,274,386, Bowie—U. S. Patent 2,211,613/4
and others.
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vicinity of the bend. Because it is difficult to obtain a magnetic field
which will, at all points along the axis, exactly neutralize the effect of
the electrostatic field, the electron beam does not quite succeed in
returning to the axis of the gun but can only approach or cross it.
Operation of the tube with the beam off the neck axis is undesirable
because it usually leads to spot distortion and requires additional
centering current. A better solution was needed before the develop-
ment could be considered complete.

The eventual solution was to use a second magnetic field on the
ion-trap magnet. The first magnetic field was located as in Figure 5
but its strength was adjusted to cause the beam to cross the axis within
the gun. The second field was of opposite polarity and of lower strength.
It was located at the point where the beam crossed the axis and served
to align the beam to coincide with the gun axis. Figure 6 shows the
approximate path of the beam when the double magnetic field is used.
It is obvious that, theoretically at least, both fields should be inde-
pendently adjustable for each operating voltage on grid No. 2 and
grid No. 3. In practice, however, the ratio of the two field strengths
is fixed at the time of installation of the magnet assembly on the re-
ceiver, and by slight adjustment of position with respect to the gun a
satisfactory adjustment is obtained. Various designs of ion trap mag-
nets have been announced commercially ranging from double electro-
magnets to various permanent-magnet designs. The ion trap is a
positive method of eliminating ion spots and is independent of gas
pressures over a very wide range.
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The gun for the 16AP4 was designed for magnetic focus and de-
flection, and incorporates the tilted-lens ion-trap system. The gun is
a tetrode type having a heater, thermionic cathode, and three grids.
Magnetic pole pieces attached to grid No. 2 form part of the tilted-lens
system of the ion trap.

Figure 6 shows the gun system and how the external ion-trap
magnets and tilted-lens system affect the electron beam and ion stream.
The limiting aperture in grid No. 3 serves to mask off the edges of
the electron beam including most secondary electrons which may arise
from collision with parts of the gun near the cathode. This action of
the limiting aperture serves to produce a well-formed spot with clean
edges and improves detail resolution. Although not shown in Figure 6,
the edge of grid No. 2 in practice is rounded in the manner of a
corona shield. This construction has been found necessary to reduce
cold-emission of electrons from grid No. 2 to grid No. 3. Such emis-
sion is caused by the high potential difference, amounting to nearly
the full anode voltage, between these two electrodes. Grid No. 3 is
connected to the metal cone by the internal conductive coating on the
flared glass section. As noted previously, this coating is carried up to
the metal envelope. Contact to the coating is made by means of spring
contacts on grid No. 3. Figure 1 shows that the limiting aperture in
grid No. 3 is placed not at the end but inside the grid cylinder.
This arrangement prevents extension of the magnetic focus field into
the aperture. Such extension would result in interference with the
normal path of the electron beam through the aperture depending
upon the alignment of the focusing coil on the tube neck.

PHYSICAL AND ELECTRICAL CHARACTERISTICS

Many considerations determined the final physical dimensions and
electrical characteristics of this tube, but the major aim was to
develop a low-cost tube to provide a large picture of high quality and
brightness which could be operated from low-cost power supplies. The
16AP4 kinescope as finally developed, and as shown in Figure 7, has
a maximum outside diameter of 16 inches, and a length of 2214 inches.
Its shape permits efficient utilization of cabinet volume for component
placement. The great strength of the metal lip to which the face plate
is sealed provides a most efficient relationship between the outside
tube diameter and picture size. In addition, it permits the use of a
uniform face curvature right up to the corners of the picture area.
Tests of the mechanical strength of this tube, have shown it to be
unusually resistant to impact and air pressure,
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Because a major portion of the external area of this tube is metal,
a large anode contact is available. Provision for positive contact has
been provided in the form of a low-resistance area on the outside of
the cone lip at the face end of the tube. Over 30 square inches of
contact area are available for the anode contact. Either a spring or
the weight of the tube may be used to insure good contact between
the contact area and a metal connector. For protection against corona,
the upper rim lip of the tube is rounded. The 16AP4 weighs about 11
pounds and, thus, compares very favorably in weight with the 10BP4
kinescope which also weighs about 11 pounds.

Fig. 7—Metal Kine-
scope 16AP4.

The 16AP4 may be operated with an anode voltage ranging from
9 kilovolts to 14 kilovolts which is a wide range for a tube of this size.
These voltages may be obtained from low-cost pulse-operated or radio-
frequency-operated power supplies. With the chosen deflection angle
of 63 degrees, full scanning of the useful screen area is possible with-
out increasing deflection-power requirements over that needed for 10-
inch picture tubes operating at the same voltages.

The 16AP4 provides a picture of approximately 130 square inches
which is 2% times that of a 10-inch tube. Highlight brightness of
60 foot lamberts at an anode voltage of 12 kilovolts provides enough
light so that the picture may be viewed under average conditions of
ambient light in the home. Picture definition surpasses that required
by present-day television practice.




THE GRAPHECHON —
A PICTURE STORAGE TUBE*

By

L. PENSAK

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

Summary—Long time storage of television quality pictures is possible
with a new type of storage tube consisting of two independent cathode
ray guns and a target plate coated with a thin film of insulating material.
A new type of bombardment-induced conduction effect provides high sen-
sitivity and stability. The two guns can operate simultaneously, the one
to “write” down any arbitrary pattern to be stored and the other to scan
repeatedly over it to both generate signals and eruse the pattern at a
controlled rate. The tube makes possible television pictures of oscillograms
or radar patterns that can be viewed for several minutes.

INTRODUCTION

HE problem which gave rise to this tube was that of providing
’l a means for electrically storing complete radar plan position
indicator (PPI) type patterns and generating from them sig-
nals which could provide television pictures of the radar patterns.
This problem arose in the Teleran System! for airborne navigation.
Here it was highly desirable to be able to broadcast a composite tele-
vision picture of a radar pattern, its associated ground map and
other information. The tube that was developed to meet this need
proved to have several other interesting applications. However, it
seemed preferable to describe it below in terms of its major initial
application.

The problem is one of obtaining a means of converting radar signals
to television signals without loss of the pattern geometry. This implies
storage of the radar signals for at least several seconds because it can
take this long to complete one PPI pattern. Also, because television
pictures are generated at the rate of thirty per second, it may be
necessary to generate several hundred television copies of a radar
pattern before it fades out. Such conversion of signals has been ob-
tained by using an image orthicon camera tube with a reflection type
optical system to pick up the relatively weak afterglow of a radar
cathode ray tube with a P7 or similar fluorescent screen. Much better

* Decimal Classification: R583.15. .
1D. H. Ewing and R. W. K. Smith, “Teleran,” RCA Review, Vol. VII,
No. 4, pp. 601-622, December, 1946.
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results have been obtained with a special, high capacity orthicon? pick-
ing up the initial flash of a cathode ray tube without any afterglow, the
picture being retained in the capacity of the orthicon photocathode.
Both these schemes require a high-brightness cathode-ray tube and an
optical system, which are unnecessary in principle because the light is
used only as a link between two electrical signals. In order to obtain
an all-electronic converting scheme, a new type of tube, called a
graphechon, was built. This name is derived from the Greek words
“Graphe” (to write) and “echo” (to keep or to hold). The tube can be
regarded as a kinescope and iconoscope in one bulb, with the mosaic
and kinescope screen replaced by a charge-sensitive, high-capacity,
storage target. The kinescope gun will be referred to as the “writing”
gun which takes the radar signal and “writes” it on the target. The
other gun will be called a “reading” gun. Its function is to generate
the television signal and gradually remove the stored signals.

mST L
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Fig. 1—Single sided target, magnetic deflection Graphechon.
CONSTRUCTION OF THE TUBE

The design of the bulb is not critical and is largely determined by
the requirements of the cathode ray guns. Figure 1 shows a sketch of
one type of tube using magnetic deflection. In order to simplify the
circuit requirements, the writing gun is mounted perpendicular to the
target, which avoids the necessity for keystone correction for a radial
deflection pattern. This correction has been solved very simply for
the iconoscope, and so the reading gun is mounted off the axis at the
same angle as is used for the standard iconoscope. The dimensions of

? Stanley Forgue, “The Storage Orthicon,” RCA Revi
p. 633, December, 1947, ' i g R
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Fig. 2—Single sided target, electrostatic deflection Graphechon.

the bulb are determined by the space requirements of the deflection
yokes, by the deflection angles required for obtaining adequate resolu-
tion, and by the desired target dimensions.

When preferable, a tube can be built with all-electrostatic focus
and deflection. It is more suitable for oscillograph operation or, where
weight and size are critical, it permits eliminating the deflection yokes.
Figure 2 is a sketch of such a tube which can be made smaller and
more compact than the magnetic deflection type, but is necessarily
subject to the lower resolution limits imposed by the electrostatic
deflection system.

Figure 3 is a sketch of the most recent form of the tube. This
modification was built to make possible mounting the guns on a com-
mon axis and thereby avoid the need for keystone correction. The
target construction was modified to permit the ‘“writing” beam to
penetrate through the target as will be described below.

For the magnetic deflection writing gun it is possible to use a
standard kinescope gun with either magnetic focus (type 12DP7) or
electrostatic focus (type 12AP4). Both types have been used for radar
purposes and have adequate resolution at the rated voltages of 6,000
to 10,000 volts, which is also the range of voltage which is used in the
Graphechon. The reading gun can be a standard iconoscope gun and
runs at standard iconoscope voltages, which is 800 to 1,000 volts.

BULB COATING DEFLECTION
LEAD YOKE

DEFYLOED&HON : m READING GUN

d==- ] —- =k

2722 : N
MESHlNSUL}ToR

Fig. 3—Double sided target, magnetic deflection Graphechon.
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The target consists of a plate of metal upon which is deposited a
film of insulating material of the order of 6,000 Angstrom units thick
(approximately half a micron). Where the two guns are on the same
side, any of a number of metals, thick enough to be self supporting,
can be used for the target. The insulator film can be any good insulator
like silica or magnesium fluoride, applied by any suitable means, such
as evaporation.

In tubes where the guns are on opposite sides of the target, it is
necessary to make the metal backing transparent to electrons and yet
strong enough to support the insulating layer. This can be done by
using very fine mesh with a high transmission factor to provide the
mechanical support. Then an organic film is spread over the mesh to
act as a base upon which to evaporate a thin layer of aluminum. The
insulating layer is then evaporated onto the aluminum and the target
is complete. The high voltage “writing” gun is located on the mesh
side of the target. The mesh is made fine enough so that it does not
limit the resolving power of the tube. Sample targets have employed
approximately 500-per-inch mesh.

PRINCIPLES OF OPERATION

The reading beam, operating at 1,000 volts, has a secondary emis-
sion ratio greater than unity. It scans uniformly over the insulator
surface and therefore brings it approximately to the potential of the
collector, which is the conductive wall coating. This is true regardless
of the potential of the underlying metal. It is therefore possible to
adjust the potential drop across the thickness of the insulating film to
approximately the difference in potential between the target metal and
the wall coating.

It is possible to regard the insulator as the dielectric in a condenser,
one of whose plates is the target metal and the other is the surface
scanned by the electron beam. As a starting equilibrium condition, the
condenser is charged up uniformly over its area. Because the one plate
is the insulating surface of the dielectric and does not conduct trans-
versely, it is possible to discharge any part of the condenser without
affecting the rest of it. Such discharging can occur in any arbitrary
pattern.

The mechanism for discharging the dielectric is a newly discovered
phenomenon?® which can be observed in films thin enough to be wholly
penetrated by an electron beam. It can be shown that currents can

3 L. Pensak, “Conductivity Induced by Electron Bomb ’ .
Insulating Film,” Phys. Rev., February 1, 1949, ardment in Thin
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flow through the film which are many times larger than the bombarding
beam, that the currents flow in the direction of the gradient, and that
the insulation recovers on removal of the beam. Since the penetration
of an electron beam increases with the square of the voltage, a film
may be chosen of such thickness that, though fully penetrated by a
10,000 volt beam, it is scarcely penetrated at all by a 1,000 volt beam.
If the latter, low-velocity, beam is employed to charge up the dielectric,
the 10,000 volt beam may be used to discharge it. The second, high-
velocity, beam is the “writing” beam which can be deflected and mod-
ulated in any arbitrary manner such as for a PPI pattern or an oscillo-
graph trace.

The mechanism for signal generation is a simple form of that in
the iconoscope. The target surface is brought to equilibrium potential
with the target metal at approximately 50 volts negative. Where the
writing beam has struck and driven the surface negative, the second-
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Fig. 4—Typical curve for second- Fig. 5—Surface potential in volts
ary emission from silica. below collector potential.

ary emission collection is greater than unity and some charge is re-
moved every time the reading beam scans those areas. This removal
of charge produces the signal which is amplified to operate the viewing
kinescope. As is true for all condensers, removal of charge from one
electrode causes an equal charge to flow onto the other, which, in this
case is the signal plate. This current produces an /R drop across the
load resistor R (see Figure 7) and thereby produces the signal.

The magnitude of the signal depends on the deviation from the
equilibrium described above. When the surface is at collector potential,
the secondary emission collection is equal to the beam current and
no signal results. The dotted line in Figure 4 shows how the secondary
emission collection approaches the true secondary emission curve when
the surface potential falls below the collector potential. Figure 5

4 Zworykin, Morton and Flory, “Theory and Performance of the Icono-
scope,” Proc. I.R.E., Vol. 25, pp. 1071-1092, August, 1937.
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shows this in terms of signal value for a typical electrode configuration.
The curve levels off at the higher voltages because the secondary emis-
sion collection tends to saturate at relatively weak fields, and the signal
current therefore remains almost constant at the higher fields.

The saturation of secondary emission provides a means of obtaining
many television pictures of the writing pattern. The saturated sec-
ondary emission is proportional to the beam current so that it is only
necessary to reduce the beam current to reduce the amount of charge
removed on each scan. However, this also reduces the signal output
and the lower limit in this direction is the noise inherent in the video
amplifier.

A quantitative approach to the duration of a writing signal can be
based on regarding the target as a group of elemental condensers,
each the size of the focussed spot of the reading beam (one picture
element by television standards). The signal plate is common to all
of them and the electron beam provides the other electrode. Assuming
that the writing beam has completely discharged the elemental con-
denser, the reading beam will charge it up again to collector voltage.
The charge per element will then be

QR="Ve where V = collector voltage

¢ = element capacity.

Assuming that the average charging current is a constant, which is
reasonably correct for the condition of constant beam current and
saturated collection of secondaries

Ve=1I1,T Where I, = average charging current
T = charging time.
The charging current is the difference between the secondary
emission current and the average current I reaching the element or
I,=rI—I=(r—1)1 r = secondary emission ratio

I = average beam current per element.
Therefore

Ve=(r—1)IT

However, since the beam scans over the target, the average current
to each element is 1/n of the total beam current I, where n is the
number of elements in the target.
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1 Ven
Therefore Ve r—1)—T or T :
n (r—1) 1

But nc is the total capacity of “C” of the whole scanned area so that

Ve
r=—— .
r—1) 1

The formula for the capacity of a parallel plate condenser is

kA k — dielectric constant

C — .0885 X 1012 —— farads
d A — area of condenser

d = thickness of dielectric.

Substituting this in the equation above

KAV
T = .0885 x 1012 - — seconds.
d(r—1)1

An experimental value for T of 5 minutes was obtained with V =
100 Volts, d =5 X 10-5 centimeters and r = 1.3. One to two minutes
of continuous viewing is more usual. Several thousand scans at tele-
vision standards are therefore quite feasible. T can be called the
viewing or charging time, or the period during which the element will
produce a detectable signal in the reading amplifier. The storage time
is much greater and is determined only by the leakage resistance of
the insulator. A value of ten days was obtained in one test.

It should be noted that the expression for T does not involve the
number of elements in the picture, nor does it require scanning, but
is exactly that which would be obtained by calculating the charging
time, if it is assumed that the current I is spread out uniformly over
the whole area of the target of capacity C.

A second thing to be noted is the fact that the charging time is
proportional to the total area of the target. A reduction in tube size
will hence result in a proportional reduction in the maximum viewing
time. However, in applications where it is not necessary to keep the
reading beam scanning constantly, the combination of storage time
and viewing time can make the picture available for periods of time
greater than 7T as given by the equations.

The factor of insulator thickness, however, does not necessarily
vary the maximum charging time even though it varies target capacity.



66 RCA REVIEW March 1949

If it is assumed that the dielectric strength of the insulator is con-
stant, then varying the thickness also permits varying the voltage
across it in proportion. As the capacity per element goes down, the
voltage can go up, and the charge per element remains constant. There-
fore, the charging time remains constant and the maximum viewing
time is independent of the insulator thickness. Normally, voltage and
thickness are determined by other considerations. In actual practice,
the tube is built to have a maximum viewing time in excess of that
required and the reading beam current is adjusted to provide the
desired value.

The film thickness is subject to a basic limitation arising from the
requirements of the conduction effect which depends on the penetration
of the film by the writing beam. The efficiency of the effect, i.e., the
number of conduction electrons per primary, depends on the absorp-
tion of the energy of the beam. There is, therefore, an optimum
writing beam voltage for each film thickness such that the maximum
amount of beam energy is absorbed in the insulator. This voltage is
somewhat greater than that required for complete penetration alone.
Fortunately, this value is not very critical. Another factor affecting
the efficiency is the gradient through the film which should be as high
as possible if it is desired to obtain the greatest sensitivity to the
writing beam.

Varying the film thickness also varies the degree of half-tone re-
production. Half-tones are obtained in the voltage range where the
output signal varies with the surface potential (the sloping part of
the curve in Figure 5). Beyond this slope, the signal is independent
of surface potential and so produces a “black and white” picture, i.e.,
the signal is either at its maximum value or is not present. If the film
is thin or the total film voltage is less than ten volts for any other
reason, the reproduction will be all half-tone and the viewed picture
will decay continuously. On the other hand, a thick layer can take a
large voltage and the signal will be black and white for most of the
charging time. The picture will stay at constant level for a while and
then decay. The choice of film thickness will, therefore, be determined
by the desired ratio of half-tone to black and white viewing times and
by the penetration limitations. A typical curve of signal output versus
time is shown in Figure 6. The actual duration of the signal can be
made to vary by varying the reading beam, but the ratio of the times
in the two modes of operation stays constant for any given voltage
change on the film. Reducing this voltage from the maximum possible
reduces the viewing time as well as the ratio of black and white to
half-tone time.
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PRACTICE OF OPERATION

One of the applications of the
tube is as a direct current or single
trace oscillograph which can pro-
vide a bright picture of the com-
plete trace for adjustable periods of
time. The circuits for such a func-
tion are relatively complex, com-
pared to an oscillograph with an Fig. 6—Typical signal output
afterglow type phosphor, but there against viewing time.
are several advantages that may justify the extra equipment. The
problem of large screen oscillography, for viewing by large numbers
of people, can be met by using a commercial television projection set
and operating the Graphechon as an oscillograph-iconoscope combina-
tion. The problem of photography of very short duration transients
can be met by recording the trace in the Graphechon and photograph-
ing the p