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SHORT-WAVE RADIO TRANSMISSION
AND GEOMAGNETISM*

By
H. E. HALLBORG

Engincering Department, R.C.A. Communications, Ine,, New York. No Y,

Summary—The most outstanding correlations conneeting short-wave
radio transmission with geomagnctism, observed by the awthor, are illus-
trated. Measurement methods are briefly described. Simultancous record-
ings of London signal “GLH”, and earth-current traces at Riverhead, for
the disturbed month of April, 1936, are shown to be related in approximate
accordance with the law of inverse earth-current variability. The trans-
mission power required over a circuit is therefore proportional to the mean
rate of geomagnetic change over that circuit. The power required over the
North Atlantic, for various degrees of magnetic disturbance, and the
relationship of power to geomagnetic latitude is illustrated. The latitude-
power data are deduced from H-intensity-range values for all North
American Magnetic Observatories supplied by the U. S. Coast & Geodetic
Survey.

Short-wave circuit interruptions are studied, both with respect to geo-
magnetic latitude, and duration, up to four days immediately following the
magnetic storm. A geomagnetic storm ‘“knee” is scen to exist at 50°N
geomagnetic latitude, thereby demarking a storm zone of man-communica-
tion for short waves.

World-wide short-wave circuit transmission conditions to New York
from North Europe, South America, and San Francisco, and from the
Orient to San Francisco are compared, for two solar rotations, with earth-
current variability at Riverhead, N. Y. One of these solar rotations, March
7 to April 12, 1940, i3 unquestionably the most exciting in the history of
long-distance short-wave communication.

Cheltenham magnetic activity and North Atlantic RCAC disturbance
ratings are compared for a period of 12 solar rotations, beginning November
3, 1939 and ending September 21, 1940. The period selected i3 approximately
at the peak of the current cleven-year geomagnetic cyele.

It i3 concluded that the data presented is further evidence that the
ionosphere, short-wave radio transmission, and gecomagnetism are closely
related to the changing rotational complexions of the sun. The locations
of magnetie and ionosphere observatories above 60° N geomagnetic latitude
would provide further means to supplement our knowledge of all these
broad fields of research.

T HAS long been known that short-wave circuits passing over or
near the North magnetic pole are subject to much disturbance,
and severe fading. On the other hand, circuits at lower latitudes

are very much less disturbed.

Extended study of magnetic and earth-current activity by R.C.A.
Communications, together with the systematic recording of circuit
conditions on a specified disturbance scale, has permitted an evalua-
tion of magnetic activity, and circuit disturbance, with reference to
the great-circle path of the circuit. This study has advanced to the

* This paper was presented at the “Symposium on Geomagnetism” held
at the American Philosophical Society, February 14-15, 1941.
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extent that it is now possible to estimate the amount of power that
will be required over the North Atlantic for various degrees of
geomagnetic activity. It has also been possible to determine the rela-
tive freedom from interruption, during magnetic storms, of any circuit
in terms of its great-circle bearing with respect to the North magnetic
pole.

The magnetic data have been deduced from the RCAC earth-current
recordings at Riverhead, and from Cheltenham, Md., magnetograms,
which are received regularly. The U. S. Coast and Geodetic Survey
has further cooperated in RCAC magnetic studies by supplying, upon
request, H-range data from all five of their North American observa-
tories.

Simple and readily applied units of measurement are a requisite
to world-wide correlation. It was recognized that the most prolific
source for short-wave transmission data would be from normal opera-
tion on commercial world-wide traffic. This requirement led to the
application of a number-rating system allowing the receiving techni-
cians to estimate transmission conditions, on each eight-hour watch,
on selected circuits. The disturbance number-rating system, adopted
by RCAC, and used since 1938, is shown in Table I.

TABLE I
Cireuit-Rating  Disturbance Signal

Number Condition Condition
0 Unusually quiet Unusual strength
1 Normal Strength and fading normal
2 Slight Slightly below normal
3 Moderate Considerably below normal
4 Severe Nearly out; but still audible
5 Complete drop-out Inaudible

Earth-current variations at the RCAC Riverhead Recording Station
are measured in hourly units of “percentage variability’””. This unit
is an expression for the measured length of the earth-current trace
per hour in terms of hourly baseline. For instance, “100 per cent
variability” means that the measured earth-current trace length is
twice the baseline length. Percentage variability is an expression
which is proportional to the mean rate of change of the earth field
during the hour.

Cheltenham magnetograms are analyzed for hourly departures of
the H-intensity range by the customary procedure. A running chart
is issued covering each solar rotation of 27 days. This chart divides
each day into 4 six-hour periods. The sum of the H ranges in each
6-hour period is plotted as ordinates in 27-day sequences.

The Cheltenham magnetic activity chart provides for a very con-
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siderable degree of circuit-condition prediction since many solar dis-
turbances persist for 6 or more rotations of the sun. The chart is a
continuous record of solar, magnetic, and ionosphere activity. The
form of the chart is shown in the upper portion of Figure 10.

A reproduction to scale of Riverhead earth-current traces corre-
sponding to RCAC circuit-disturbance rating numbers 0 to 5 is shown

2000
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DISTURBANCE RATINGS.
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Fig. 1

in Figure 1. Under each rating number is written the observed mean
percentage variability corresponding to that number. The sketch above
each number illustrates one equivalent shape of the trace.

It is of interest to compare the new 3-hour K index method of
magnetic rating, adopted by the U. S. Coast and Geodetic Survey, and
used in Science Service Research Aid Announcements, with the equiva-
lent RCAC circuit-disturbance ratings. This comparison is made in
Figure 2. The ordinates in this figure are Cheltenham H-intensity
ranges, and the abscissas RCAC disturbance and K index ratings. A

www americanradiohistorv.com


www.americanradiohistory.com

398 RCA REVIEW

considerable band of overlap is seen to exist. The practical result of
this overlap between mutual values 0 to 5 is that RCAC disturbance
ratings and K values are interchangeable. All values of K above 5 will
still produce RCAC rating 5—mnamely, complete signal drop-out or
inaudibility.

It was believed that simultaneous recording of a typical North
European signal, and earth-current variability during a considerably
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disturbed month might lead to a useful relationship between magnetic
variability and signal strength. Consequently, London signal “GLH”,
13525 Kc, was continuously recorded during the month of April, 1936
at Riverhead, N. Y. and compared with the corresponding Riverhead
earth-current trace variability. Both quantities were reduced to a
mean daily figure. The result of signal-vs.-variability observations is
shown in Figure 3. The days of the month are identified by numbers,
and the magnetic condition of each day by the magnetic legend. Three
broad types of days were segregated, namely, quiet, storm, and post-
storm days. The full-line curve is the form the points would have
assumed if they follow precisely the inverse-variability law. If post-
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storm days are neglected, during which period the signal is controlled
by absorption, the inverse-variability law is a fair mean of all observa-
tions. The decibels above and below normal signal in terms of disturb-
ance ratings are indicated in the lower portion of Figure 3.

This signal inverse-variability relation has provided a means for
computing the range of power that will permit commercial signaling
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across the Atlantic for various degrees of magnetic disturbance. This
subject is considered in more detail in the next section.

It was indicated in Figure 3 that the order of signal level below
normal for circuit rating 3 was 14.9 db. Experience has indicated that
during such disturbance level over the North Atlantic the standard
20/40 kw RCA transmitter will be operating at maximum rated power,
namely, 40 kw, to avoid circuit interruption. If, therefore, 40 kw, and
circuit rating 3, be taken as unity, and if the power varies inversely
as the earth-current variability, the power range for all disturbance
ratings will vary in accordance with Figure 4.
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The extreme range of power will consequently be,—

Rating KW Power Range
5 3460 7200
0 0.48

The geomagnetic polar region is a zone of high magnetic activity,
consequently of severe short-wave fading. The equatorial region, on
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the other hand, is a belt of low magnetic activity, consequently of low
short-wave fading.

A short-wave radio circuit will respond to the above geophysical
relation in fair agreement with its mean geomagnetic latitude, particu-
larly during magnetic disturbances.

In Figure 5 is shown the mean daily circuit ratings observed
during 16 major magnetic storms of 1939 and 1940, as well as the
conditions 6 days before and after these storms on circuits having
mean geomagnetic latitudes 14° N, 48° N and 59° N. The comparative
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disturbances are proportional to the total indicated shaded areas at
the different latitudes. This area is very much lower at 14° N than
at 59° N geomagnetic latitude.

The observed relationship between earth-current variability and
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“GLH” signal suggested that if, correspondingly, earth-current varia-
bility could be related to H range, it should be possible to compute
transmitting power in terms of geomagnetic latitude. Cheltenham
H-intensity ranges correlated with Riverhead earth-current variability
have indicated that transmitting power may be related to H-intensity
range by the condition that the power required at any mean latitude
varies approximately as the 3.5 power of the H range at that latitude.
If this relationship is applied to the H-range data of North American
magnetic observatories of the U. S. Coast and Geodetic Survey for
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the year 1939 there is obtained the transmitting-power-vs.-geomag-
netic-latitude graph shown in Figure 6.

Comparison of the power requirements at geomagnetic latitudes
30° and 60°, from Figure 6, produces the result shown in Table II.
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TABLE II

Antenna KW for Commercial Transmission

Geomagnetic Latitude . Yearly Mean
Maz. Min. (1939)
30° 6.15 kw 0.010 kw 265 kw
60° 4224 0.075 44.3
Ratio 60°/30° 688 | 7.5 167

It is of interest to compare these transmitting-power computations
vs. geomagnetic latitude, from magnetic data, with the results of the
long series of international broadcast recordings, at broadcast fre-
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quencies, published by J. H. Dellinger and A. T. Cosentino in the
Proceedings of the IRE, October, 1940.

Dellinger and Cosentino found that broadcast intensities, between
North and South America, averaged 25 times those between North
America and Europe, and were only 1/15 as variable.

The signal ratios at short waves, from Figure 6, will be propor-
tional to the square roots of the power ratios. This produces the rela-
tionship for the year 1939 shown in Table IIL.
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Fig. 7

These figures indicate that geomagnetic range is a major factor
in international short-wave transmission. A similar conclusion was
reached by Dellinger and Cosentino for international transmission at
broadcast frequencies.

Circuit interruptions are definitely a function of geomagnetic
latitude. Comparisons of the relative lengths of short-wave circuit
interruptions, on the particular circuits used in this analysis, during
and after 16 major magnetic storms of 1939 and 1940 have produced
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the results shown in Figure 7. A pronounced “knee” in the interrup-
tions vs. geomagnetic latitude graphs is seen to occur at 50° N geo-
magnetic latitude. The New York-San Francisco circuit (mean geo-
magnetic latitude 48° N) is less disturbed during the peak of the
storm than is the New York-London circuit (mean geomagnetic lati-
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TABLE III

Signal Ratio for Equal Power

Geowwgnetiq—La titude
Ratio Mazx. Min. Yearly Mean

30°/60° 26 2.7 13
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tude 59° N) 3 days following. The New York-Buenos Aires circuit
(mean geomagnetic latitude 14° N) is comparatively undisturbed.
There is some evidence of a slow southward disturbance filtration
reaching a maximum 3 days after the storm.
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Fig. 9

It is not to be assumed that all short-wave transmission across the
North Atlantic encounters the 50° N geomagnetic latitude “knee”.
The records show this was true a negligible percentage of total circuit
time during the peak magnetic year of 1939.

A typical RCAC cireunit-disturbance rating graph is shown in Fig-
ure & It covers the solar rotational period of February 6 to March 4th,
1939. This period contained a wide range of magnetic disturbances
over the North Atlantic circuits.
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The plot at the top of Figure 8 is the 8-hour average percentage
variability of the recorded earth-current trace at Riverhead, N. Y.
Solid fills above 200 per cent indicate watches, or portions thereof,
above the circuit-disturbance level.

The 4 plots in Figure 8 show the reported scales of radio disturb-
ance, in order, on the following circuits,—

a. North Europe to New York.

b. South America to New York.
c¢. San Francisco to New York.
d. Orient to San Francisco.

Short-period disturbances are indicated by thin lines of width
proportional to their durations. A solid fill for each watch indicates
an average cisturbance for the watch of the amplitude indicated by
the rating number.

The dates at the bottom of the chart are those for the oncoming
solar rotation. If the disturbance areas on the sun persist, they repre-
sent dates of probable recurrence.

The North Europe disturbances during this rotation contain two
characteristics of particular interest,—

1. On February 22nd and 23rd, two days of unusual signal strength
preceding the major-storm day of February 24th.

2. On February 7th and February 26th, a persistence of circuit dis-
turbance after earth-current activity had dropped to normal.

The latitude effect, previously illustrated in Figure 7, is quite in
evidence in Figure 8. The tranquility of the South America-to-New
York circuit is outstanding.

Figure 9 illustrates perhaps one of the most exeiting solar rota-
tions in short-wave history. It covers the period from March 17th to
April 12th, 1940. This solar rotation created aurora, abnormal power
and radio-transmission disturbances, and wide comment in the public
press.

The range of the percentage variability of the Riverhead earth-
current trace at the top of Figure 9 has been extended to permit a
visual estimate of its amplitude, above normal circuit disturbance
level, particularly on March 24th and March 29th.

Features of particular interest were as follows:—

a) A premonitory round-the-world short-period fade, 1800-1900
GMT, on March 19th.

b) During the maximums of the disturbance peaks, March 24th
and 29th, short-wave communication over the North Atlantic
to Europe was completely cut off. European service was how-
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ever continued without interruption by the relaying of mes-
sages to Europe via Buenos Aires.

¢) A second round-the-world fade, 1615-2000 GMT, on March 27th,
preceded the second magnetic storm on March 29th.

d) The South American circuit again has the helpful influence of
low geomagnetic latitude. It was entirely normal during the
storm peaks.
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Fig. 10

North Atlantic short-wave circuit disturbances and Cheltenham
H-intensity ranges are plotted in 27-day solar sequences for a period
of 12-solar rotations, beginning November 3rd, 1939 and ending Sep-
tember 21st, 1940 in Figure 10. The date of commencement of each
solar rotation is at the left of each row, and corresponds with horizontal
numeral Number 1.

Cheltenham H ranges have been corrected for scale calibrations,
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and each point is a six-hour sum of hourly departures. The vertical
scale is 50 gammas per division. Values above 250 gammas are indi-
cated by dotted lines.

The North Atlantic-circuit disturbances are represented by dis-
turbance numbers 0 to 5 in accordance with Table I. The bottom line
of each row represents 0 rating, the top line 5 rating.

The charted-time interval selected includes the peak of the magnetic
disturbance in the current eleven-year cycle. This chart is useful for
the purpose of indicating concurrent radio and geomagnetic disturb-
ance; but may produce a misleading impression as to the value of such
charts for disturbance prediction. The selection of a period of twelve
solar rotations earlier would have shown repetitive disturbances for
as many as ten solar rotations.

A careful study of these parallel charts in Figure 10 will reveal
the persistence of radio disturbance, the repetitive property of mod-
erate storms, and the non-repetitive property of major storms. It will
bring to light one anomaly, the first to come to the author’s attention,
namely, the association of excellent signal conditions, in the face of
considerable magnetiec disturbance during the first four or five days
of the sequence beginning July 30, 1940.

If the question of location of a monitoring magnetic observatory
for any long-distance short-wave circuit is considered it is now evident
that the ideal location for such-an observatory would be at the mid-
point of the circuit. Such a site selection presents practical difficulties
when the application is in the mid-Atlantic. It will also be evident
that the selection of any site, on land, above 60° geomagnetic latitude
will provide much information of scientific value, both as to geomag-
netism, and the ionosphere.

The data here presented are further evidence that short-wave radio
transmission, the ionosphere, and geomagnetism are closely related to
the changing rotational complexion of the solar surface.

The closer scientific correlation of geomagnetism and radio trans-
mission, and the ionosphere, at locations more suited to bring out the
latitude characteristics, will further supplement our knowledge of all
these fields.

There is shown to exist during geomagnetic disturbances a
short-wave communications ‘knee” at about 50° geomagnetic North
latitude. Great-circle paths intercepting above 50° do so at the cost
of increased power and circuit interruption.

On the other hand, great-circle paths that follow the lower latitudes
are relatively free from circuit interruption during geomagnetic dis-
turbances and may operate at lower power with lesser fading, in
proportion to the long observed improvement in geomagnetic varia-
bility at the lower latitudes.

WWW . americanradiohistorv.com


www.americanradiohistory.com

VIDEO OUTPUT SYSTEMS
By
D. E. FOSTER AND J. A. RANKIN

RCA license Laboratory, New York

Summary—The output stage of the video frequency amplifier of «a
television receiver is required to modulate the grid of the picture tube over
the range of optimwm contrast. In order to accomplish this purpose «
relatively large output is neccssary over the entire video frequency range.
In addition, the output stage must reinsert the d-c component which deter-
nines the average brightness of the sceme. The advantages and disadvan-
tages of direct coupling, grid rectification, and diode rectification as « means
of accomplishing d-c reinsertion are discussed. It is pointed out that d-c
reinsertion tends to restore low frequencies.

The characteristics of cireunits to obtain uniform high-frequency response
are discussed. The circuits dealt with are shunt peaking, series peaking,
series and shunt peaking, series m-derived filter sections, shunt m-derived
filter sections, and two-section constant-K filter sections.

The performance of typical video output tubes with the several circuit
types as to gain and voltuge output is shown.

INTRODUCTION

IDEO frequency amplifiers have been treated in radio literature
generally. However, the requirements of the video amplifier
used as the output stage of the television receiver to modulate
the grid of the picture tube (Kinescope) with picture signals require
special consideration. This article discusses the video output stage, its
particular requirements, methods of d-c reinsertion, suitable circuits
for use with available tubes, and typical performance characteristics.

OUTPUT STAGE REQUIREMENTS

The video-output stage must have sufficient output to modulate the
picture-tube grid over the optimum contrast range, plus additional
output capability for the synchronizing pulses in order that the picture
be properly reproduced. It would not be necessary to reproduce the
synchronizing pulses faithfully as they occur during the blanking inter-
val, except that the overload of the output tube is due to plate-current
cut-off, so the entire video signal must be reproduced to avoid distor-
tion of any part, Picture tubes now commonly used in this country
require some 25 or 30 volts peak-to-peak for full contrast, so that with
25 per cent synchronizing pulses, the output tube must be capable of
delivering at least 40 volts peak-to-peak. A higher maximum output is

409
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desirable so that there is never any question that full contrast is
achieved. It is always possible to reduce the output by means of the
contrast control, so many receivers have 60 to 120 volts peak-to-peak
maximum output. The situation is similar to that in radio receivers
where it is desirable to have sufficient audio gain to overload the output
tube even at low-modulation levels. In order to keep the number of
video stages at a minimum, the gain of the output stage should be
high. By careful use of the principles considered herein sufficient gain
may be obtained so that the video-output stage provides all the video
amplification required on practically any television receiver. The maxi-
mum output of the video stage is a function of maximum permissible
plate current and the load-resistor value. The gain is a function of
the effective transconductance and the load value. The load resistance
for a given band width is a function of tube-output capacitance, so it
may be seen that the video-output tube should have high transcon-
ductance, high plate current, and low output capacitance.

In considering circuits for video-output purposes it has been as-
sumed in this article that the response be flat over the desired fre-
quency range, as this is the condition generally desired. In some
designs a characteristic which rises towards the high frequencies is
used to compensate for loss in the high frequencies either due to
picture-tube spot size or loss elsewhere in the system. This can usually
be done safely to compensate to a moderate degree the effect of spot
size, without introduction of undue phase distortion, but an attempt
to provide more than a small amount of compensation for deficiencies
elsewhere in the receiver frequently leads to phase-distortion difficul-
ties. Therefore, for the sake of generality and because it is the most
commonly used condition, it is assumed that flat response is the design
criterion.

The phase shift should of course vary linearly with respect to
frequency so that the time delay does not vary with frequency. How-
ever, the phase shift is not usually a serious problem in the case of a
single video stage in a receiver, both because the number of reactances
is relatively small, so that large phase shift does not occur, and also
hecause the phase shift in the intermediate-frequency amplifier is
ordinarily so much greater that the phase shift due to the video-output
stage is of little consequence when the overall receiver-phase charac-
teristic is considered. For these reasons the phase characteristics of
the networks covered herein are not discussed. Towever, if the same
networks are used in an application where several video stages in
cascade are employed, the phase characteristics become important and
must be considered in order to obtain satisfactorily uniform time delay.

The low-frequency compensation methods for video amplifiers have
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been dealt with in a previous issue! so are not covered here except
as the method of securing bias and the d-c reinsertion affect the low-
frequency response.

D-C REINSERTION

In a television system where the average brightness of the scene
being scanned at the transmitter is transmitted as variation of the
carrier level, it is the equivalent of transmitting the d-c component of
the scene. Such a system is therefore called the d-c transmission type
and is in use in the United States. Since the d.c. is not carried as
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such through the entire system, it is necessary to recover or to reinsert
the d-c component at the receiver, this d-c¢ reinsertion providing auto-
matic control of the brightness of the picture tube. This restoration of
the d.c. serves to fix the black level of the video signal.

The necessity for fixing the black level of the video signal appear-
ing at the picture-tube grid is most readily appreciated by considering
what conditions prevail when the black level of the video signal is not
maintained at a fixed point on the operating characteristic of the pic-
ture tube.

1 Analysis and Design of Video Amplifiers, S. W. Seeley and C. N.
Kimball, RCA Rewvicw, Oct. 1937 and Jan. 1939.
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The circuit of Figure 1 is that of the input of the picture tube.
The picture tube in this circuit is operated at a constant grid bias
indicated on the diagram as Ey,,. The video signal is coupled to the
picture-tube grid by the coupling condenser C, which coupling con-
denser permits the video signal appearing across the grid-leak R to
swing around the average level of the particular video wave. The
average level being such that the areas of the video wave on either side
of the average level line are equal.

In Figure 1 a picture-tube 4,.,,-¢, characteristic is shown with two
video signals applied to that characteristic. The signals are two hori-
zontal lines with three blanking and synchronizing pulses. Considering
only the video signal of a white picture, the picture-tube bias is
adjusted so that the synchronizing pulses swing the picture-tube grid
beyond beam current cut-off. The average level of the video signal
centers about the bias and the picture portion of the video signal is
near the zero-bias end of the characteristic. With this adjustment of
bias, the video signal of a white picture produces a picture-tube beam
current as shown on the diagram.

It is to be noted that the picture-tube beam current is at cut-off
during the blanking-pulse interval and that maximum beam current
occurs during the picture portion of the wave producing a white pic-
ture.

With the same bias adjustment as that for the white-picture signal,
consider the reproduction of a picture that is predominantly black. As
with the white-picture signal, the average level of the black-picture
signal will center on the bias. The picture-tube beam current produced
by the black-picture signal is shown on Figure 1 and it is to be noted
that the beam current is not at cut-off during the blanking interval.
This permits the scanning retrace to be visible. The picture portion
of this signal represented a black picture, nevertheless the beam cur-
rent produced by this signal during the picture portion of the wave is
nearly as great as that produced by the previously considered white
picture. It is seen that the fixed-bias operation of the picture tube is
not satisfactory due to loss in contrast and to the visible presence of
retrace lines on certain types of pictures. For satisfactory operation,
the black level of the various video signals must be maintained at
picture-tube beam current cut-off. Several methods for fixing the black
level will be discussed.

DIReCT COUPLING

The National Television System Committee recommended type of
television transmission is one in which a decrease in initial light
intensity causes an increase in radiated power and the black level is
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represented by a definite carrier level, independent of light and shade
in the picture. By using direct coupling between the second detector
and the picture-tube grid, the black level is retained and is at a fixed
point on the picture-tube grid characteristic.

A circuit for direct coupling between the second detector and the
kinescope is shown in Figure 2. The two section L-C filter between the
diode detector and the load R, is the conventional type of diode filter.
This circuit is impractical in that high-output voltage would be
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required from the second detector. In a practical application of direct
coupling an amplifier stage would be interposed between the second
detector and the picture tube. Such an amplifier stage would require
direct coupling at both input and output ends.

The modulated i-f carrier that is applied to the diode second detec-
tor is shown at “e” for two different picture signals, white and black.
The video signal resulting from detection is shown applied to the
picture-tube 7,,,,-e, characteristic.

The detected video signal will produce a satisfactory picture because
the black level of the two video signals are at the same level and may
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be adjusted to fall at picture-tube beam current cut-off. The beam
current produced by these two video-signal voltages is shown, and is
seen to produce beam current of approximately correct contrast if the
picture-tube characteristic is reasonably linear, and to cut the beam
current off during the blanking pulse interval.

One of the disadvantages of this method of operation is that when
the signal is removed the picture-tube screen becomes white. This is
due to the fact that with no signal the picture tube is operating at
zero bias, hence at maximum beam current, which may result in dam-
aging the picture tube.

The second major disadvantage of this system lies in the action of
the contrast control. Assume, for instance, that the contrast control
varies the magnitude of the modulated i-f carrier. As the carrier ampli-
tude is increased the detector-video output will also be increased. How-
ever, the white portion of the picture is at or near zero output of the
detector, so that by increasing the output of the detector the white level
remains approximately fixed while the grey and black portions of the
picture get blacker. This is a direct opposite to normal operation.

The addition of one or more direct-coupled amplifier stages between
the second detector and the picture-tube grid does not change the mode
of operation of this system as regards the zero-bias condition or action
of the contrast control.

This system will perform creditably if the transmission polarity
is positive with the d-c component of the video signal transmitted, as
in this type of transmisison the black level is at minimum-carrier
amplitude while white level is at maximum-carrier amplitude so the
picture tube is operated with a fixed negative grid bias. As the picture
signal is applied to the picture-tube grid the fixed negative bias is
decreased in accordance with the amplitude of the applied signal.

DiopE AUTOMATIC BRIGHTNESS CONTROL

The use of a diode rectifier to bias the picture-tube grid in accord-
ance with the video-picture signal appearing at the picture-tube grid is
a method of operation with several advantages.

The circuit for this arrangement is shown in Figure 3. The video
signal is coupled to the picture-tube grid by means of the coupling-
condenser C. The picture-tube bias is due to a fixed-bias E and the
bias developed by the diode rectifier.

The picture tube i,,,,-2, characteristic is shown in Figure 3 along
with a diode characteristic. The diode characteristic is that of a diode
as connected in the circuit and is displaced from the zero axis due to
the bias Fyigs-

Consider the application of a video signal of a white picture to
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this circuit. The bias E is adjusted to be greater than the bias neces-
sary for picture-tube beam-current cut-off. The average level (dotted
line) of this video signal would center on the bias E were it not for the
action of the diode which creates a bias ;R nearly equal to the peak
amplitude of the video signal in the negative direction. This action
places the video wave as shown on the diagram with the negative peaks
of the synchonizing pulses just drawing diode current. The beam cur-
rent produced by this white-picture signal is shown with the picture
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portion of the wave near maximum beam current and the beam-current
cut-off during the blanking-pulse interval.

With the same bias adjustment a video signal of a black picture
may be applied to the circuit, again the tips of the synchonizing pulses
draw diode current, but in a lesser amount than in the case of the white
picture, producing a positive bias proportional to the negative-peak
amplitude of the wave. The position of the black-picture wave will
be as shown in Figure 3, and will produce a beam-current wave as
shown, with the picture portion of the wave near black level and with
the beam-current cutoff during the blanking pulse.

If the video signal is completely removed from this circuit, the
bias on the kinescope will be E volts, which will cut the beam current
off.

Fig. 3
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A second advantage of this circuit lies in the fact that the black
level is always at a fixed point, even when the magnitude of the input-
video signal is varied, so that increasing the contrast increases the
brightness of the highlights.

The use of a diode as a d-c reinserter has the further advantage
that with normal values of diode-leak resistance the bias developed by
rectification is a linear function of the peak amplitude of the applied
video signal.

B1As DEVELOPED

It was pointed out above that the bias developed by the diode rec-
tifier would be nearly equal to the peak amplitude of the wave in the
negative direction. The exact amount of bias developed is dependent
upon several circuit constants and may be most readily appreciated by
reference to Figure 4. The circuit shown is that of the video-output
stage producing a voltage “e¢” with an equivalent internal-impedance
R, driving the conventional diode through the coupling-network R,-C.
R is the internal resistance of the diode during the time that it is con-
ducting. For the type 6HG6 diode one plate-cathode will have a resis-
tance of approximately 4000 ohms. During the non-conducting interval
the value of R will approach infinity.

The wave shown in Figure 4 is a typical video wave representing
two horizontal lines with three blanking and synchronizing pulses.
The tip of the synchronizing pulse is assumed to occupy 7 per cent of
the time of one complete line. The percentage indicated in Figure 4
is 8 per cent. This increase is due to the addition of six vertical pulses
that occur at field frequency. In a system using 441 lines at 30 frames,
the line frequency is 13,230 cycles per second which is 75.5 microsec-
onds for one complete line. If the diode is to charge the condenser C
during the time of one synchronizing pulse, the time of charge will be
8 per cent of 75.5 microseconds or 6 microseconds, while the time that
the condenser discharges will be the remainder or 69.5 microseconds.

On the wave shown in Figure 4 the voltages indicated e, and e,
represent, respectively, the voltage that contributes to charging the con-
denser C, and the voltage that appears across C in the form of the bias
developed.

If steady-state conditions are to prevail, the quantity of electricity
on charging the condenser C must equal the quantity on discharge.
From this, the ratio of ¢, to e, may be determined.

In a device of his kind, if the magnitude of the time constants on
charge and discharge are known to a fair degree of accuracy, the
evaluation of the ratio of e, to ¢; may be readily accomplished.
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If C(R,;+ R,) is of the order of 0.1 second it is very large com-
pared to the time of discharge of the signal wave, which is 69.5 micro-
seconds, the discharge current then may be assumed to be constant

€q
and equal to
(R(l + Rc)
If C(R,+ R) is of the order of 700 microseconds it is very large
compared to the time of charge of the signal wave which is 6 micro-

£
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2R se
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seconds, and the charge current may be assumed to be constant also and
eﬂ
equal to —— .
(K, +R)
As stated before, for steady-state conditions to prevail the quanti-
ties of electricity on charge and discharge must be equal.
The quantity of electricity Q is equal to:

Q = fidt

"

however in the case at hand the current 7"’ is constant so,

Q=ifdt=it
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Therefore, since the charge occupies 8 per cent of the time, and
discharge 92 per cent of the time,

1 X 0.92 =1, X 0.08
where,
ed [4
tg=————— and {,—=————
(By+ R, (R, + R)

€q €.
X 0.92 =——— X 0.08
Igtl + R(: RC + R

es 8  R,+R,
S P ——
e, 92 R, + R

o

Previously in this discussion time constants of charge and discharge
were assumed, these time constants result if the following circuit con-
stants are chosen:

R,=1,000,000 oh{ns

E,.= 3000 )
R = 4000 “
C=0.1 pf.

With these values of resistance the actual ratio of eq to e, may be
calculated and equals

Referring again to Figure 4 it is seen that the sum of e, and e,
is equal to the peak amplitude of the video wave in the direction of the
synchronizing pulses. From this the bias ¢, may be determined in
terms of the peak amplitude and is in this case 92.6 per cent of the
peak amplitude.

The wave appearing in Figure 4 is that of a white picture; however,
the above method of determination of bias as a function of peak ampli-
tude applies equally well to a video signal of a black picture. A white .
picture might for instance have a peak amplitude of 30 volts which
would produce 27.8 volts of bias, while a black picture might have a
peak amplitude of 8§ volts producing a bias of 7.4 volts.

GRID RECTIFICATION AS AUTOMATIC BRIGHTNESS CONTROL

Another satisfactory method of automatic brightness control is by
the use of the circuit of Figure 5 wherein the last video amplifier tube
“T” is biased by grid current and the picture-tube grid is directly
connected to the video-amplifier-tube plate.
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The video signal is coupled to the grid circuit of the amplifier tube
by means of the coupling condenser C. The i,-e, characteristic of this
tube is shown in Figure 5 along with the i,-¢, characteristic of the
kinescope.

The video signals appearing in the grid circuit of this tube pro-
duce grid current and bias in proportion to the peak amplitude of the
video signal in the positive direction. The two video signals of a
white-and-black picture illustrated in Figure 5 will assume their
respective positions as shown due to grid rectification. It is seen that
this method of bias fixes the black level of the picture signal at the
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amplifier-tube grid so that the tips of the synchronizing pulses just
draw grid current. The actual amount of bias developed may be deter-
mined in the manner described in the previous section.

The amplifier-tube plate current produced by these two signals is
as shown, which in turn produces the picture-tube grid voltage by
flowing through the plate load E, and L.

The manual-brightness control permits adjustment of the picture-
tube grid bias. The bias of the picture-tube grid is due to two voltages
acting in opposition—that due to the IR drop in R, due to d-c plate
current, and that between B4 and the arm of the manual-brightness
control. The manual-brightness control is adjusted so that the “effec-

tive bias” as indicated on the picture-tube i¢,.,,-¢, characteristic of
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Figure 5 is obtained with no signal applied to the amplifier tube “T".
As signal is applied to the grid of “7” the picture-tube operating bias
is reduced in proportion to the peak amplitude of the video signal in the
negative direction due to decreased plate current flowing through R..

The beam currents resulting from the application of video-signal
waves of white-and-black pictures are shown; the white-picture signal
produces maximum-beam current, while the black-picture signal pro-
duces minimum-beam current and in both cases the picture-tube beam
current is at cut-off during the blanking-pulse interval.

If the video signal is removed from the amplifier-input circuit the
picture tube is biased beyond cut-off; further, as the signal amplitude
Is increased (increase of contrast) the picture highlights become
brighter in the correct manner.

For the circuit of Figure 5 the video-output tube “T” will be
a pentode or beam-power tube which necessitates screen voltage for
that tube. A precaution is necessary in obtaining that screen voltage
if normal operation of the automatic-brightness control system is to
result. The screen voltage should be obtained from a bleeder that draws
3 to 4 times the current drawn by the screen.

The circuit of Figure 6 is that of the grid type of automatic-
brightness-control system employing a pentode-amplifier tube “T”. The
tube “T” obtains screen voltage by means of a screen-dropping resistor
E,.. This circuit, though not practical, is useful in indicating the need
for a stiff screen voltage-supply source.

In the diagram of Figure 6 is shown the 1,-¢, characteristic of the
amplifier-tube “T” with three different magnitudes of video signal
applied to the grid. The three signals represent, as indicated, a black,
grey, and white picture respectively. These three signals produce bias-
voltages B, G, and W in proportion to the peak amplitude of the respec-
tive signals.

As the bias voltage is increased from zero, the screen current
decreases so that the screen-operating voltage rises, with the result
that for any particular bias condition the plate current available over
the cycle of grid swing will be greater than in the case of fixed screen
voltage. This is shown graphically by the three dotted 1,-e, character-
istics labeled B’, G/, and W".

Considering again the three video waves of black, grey, and white
pictures, the plate-current wave of each has a different i,-e, character-
istic. For the black-picture wave the B’ characteristic obtains, for the
grey-picture wave the G’ characteristic obtains, and for the white-
picture wave the W’ characteristic obtains. The black-level plate-
current wave for each of the three waves is indicated as B”, G”, and W”.
It is evident that even though the black levels of the various picture
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signals are fixed in the grid circuit of tube “T"" they are not at the
same level in the plate circuit. If the screen of the amplifier-tube “T”
had been operated from a fixed-voltage source the plate current corre-
sponding to black level for the three signal waves would be the same,
and at point “A”. In practice it has been found satisfactory to operate
the screen from a bleeder that draws three to four times the current
drawn by the screen. '
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Reinserting the d-¢ component of the video signal by grid rectifica-
tion in the last video amplifier tube when a stiff sereen source is used
appears to perform creditably, however it has several disadvantages
when compared to the diode d-¢ reinserter.

When operating a tube at zero bias, such as is the case with grid-
tvpe d-c reinsertion, it is necessary to lower the screen voltage to limit
the plate current with no signal input to a value such that the plate
dissipation of the particular tube is not exceeded. This results in
reducing the maximum output to 0.4-0.5 of that obtained with normal
bias operation.
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Grid reinsertion of the d.c. is usually not as linear as that obtained
when a diode is used. However, the non-linearity is determined by the
amplifier tube used and certain tube types may be entirely satisfactory.

The major disadvantage of this type of d-c reinserter lies in the
fact that during the warm-up period of the receiver the picture-tube
grid is positive relative to the cathode. Present types of picture tubes
and high-voltage rectifiers have a short warm-up time as do many of
the common filament-type low-voltage rectifiers. As was stated before,
the effective picture-tube bias in the circuit of Figure 5 is due to two
voltages; the /R drop in R, and the voltage between B+ and the arm
of the manual-brightness control. During the warm-up period tube
“T” will not start drawing plate current at the instant the B+ voltage
is first available, which effectively returns the picture-tube grid to B+
with the cathode at a lower potential. The picture-tube heater and
high-voltage power-supply warm-up time is approximately equal to the
low-voltage power supply which results in the picture tube operating
with full voltage on the electron-gun elements and a positive potential
on the grid.

The condition of positive grid during warm-up may be remedied
by several expedients. A heater-type low-voltage rectifier may be used
which will eliminate the positive grid during warm-up, but will permit
the picture tube to operate at zero bias.

A time-delay relay might be used in series with the picture-tube
heater supply so that the picture-tube heater starts warm-up after the
remaining tubes in the receiver are operating properly.

The warm-up time of the picture-tube heater may be delayed by
the addition of a resistance in series with the heater. The picture-tube
heater has a positive-temperature coefficient of resistance so that high
current is drawn at the start of warm-up. The series resistance limits
the initial current and, hence, prolongs the warm-up time. The heater-
transformer voltage will have to be increased to compensate for the
voltage drop in the series resistance. This system has the disadvantage
of impairing the regulation of the heater circuit.

With the diode type of d-c inserter the grid of the picture tube
is always negative even during the warm-up period so that the above
precautions are not ordinarily necessary for that circuit.

REINSERTION OF LoOow FREQUENCIES BY AUTOMATIC-BRIGHTNESS
CONTROL ACTION

Reinsertion of the direct-current component in a video signal to
secure automatic brightness control may also restore low frequencies
to a certain degree.

The manner in which the low frequencies are reinserted is illus-
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trated in Figure 7. The circuit is that of a d-c reinserter by grid recti-
fication; however the diode type of d-c reinserter performs in much the
same manner in restoration of low frequencies.

The common cause for poor low-frequency transmission in a video
amplifier is due to small interstage-coupling capacitors and low values
of grid leaks or insufficient cathode-resistor by-passing.

The video-signal wave represented in Figure 7 is a full frame of a
picture that is half black and half white. The number of horizontal
blanking and synchronizing pulses per frame have been reduced from
the standard for the purpose of clarity in drawing and the vertical
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synchronizing information normally present in this wave has been
completely eliminated for the same reason.

The normal video wave of a picture half black and half white would
be a perfect square wave of 60-cycle repetition rate. The wave shown
in Figure 7 has been amplified by a video-amplifier stage that did not
have perfect transmission of the low frequencies. This is evidenced
by the droop of the signal wave of Figure 7. The loss in low-frequency
response that this wave has suffered will be restored by the action of
the automatic-brightness-centrol system.

Time in the diagram starts at “«”. The super-sync pulse at “a”
will adjust on the grid characteristic so that the tip of the pulse just
draws grid current. Due to the loss in low-frequency response the
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’

super-sync pulses that occur between “a” and “b” will progressively
go further into grid current, hence produce a progressively increasing
bias. The bias increases so that the tip of each super-sync pulse in the
portion of the wave between “¢” and *“b” just draws grid current,
which has the effect of restoring the low-frequency loss. The plate-
current wave produced is shown and is a square wave.

The restoration of the low-frequency loss in the portion of the grid-
voltage wave between “b” and “¢”’ depends upon a factor not previously
considered.

At the time when the super-sync pulse at “b”" reaches the grid, the
bias voltage (by the action described above) is great enough so that
the super-sync pulse at b just draws grid current. Consider now the
portion of the wave between “b” and “¢”. This portion of the wave
slopes away from the zero-bias axis which requires that the bias pro-
gressively decrease in a discrete manner during the time interval “b”
to “‘¢” if the low frequencies are to be properly reinserted.

If the time constant RC of Figure 7 be made equal to the equiva-
lent time constant that caused the droop in the square wave, then the
bias voltage will decay at a rate equal to the slope of the signal-voltage
wave. This will place the tip of each of the super-sync pulses in the
“a”-“c’” interval at the point of drawing grid current. The resulting
plate-current wave is shown for the entire grid-voltage wave and is a
perfect square wave.

If the time constant RC is less than the equivalent time constant
which caused the droop, but still large compared to '/ 2450 sec., the bias
voltage could decay at a faster rate than is actually required, but it
can not do so because this would cause the super-sync pulses to extend
beyond zero bias so that each pulse in the “b”-“¢” portion of the signal
wave draws grid current and the wave is straightened in the same
manner as the “a”-“b” portion of the wave.

If the time constant of RC is appreciably larger than that causing
the drop, the d-c reinserter will not restore the low frequencies and
will result in poor reproduction of the picture.

There is one additional factor to consider in fixing the value of the
time-constant RC and this is due to change in picture background. The
time-constant RC should be short compared to the most rapid back-
ground change, which might be of the order of ten seconds. A value
of RC of 0.1 sec. has been found satisfactory in practice.

The action of automatic brightness control should not be relied
upon to reinsert large losses of low frequencies. If the losses of low
frequencies are large, the droop of the square wave is no longer linear,
but may vary in a number of ways depending upon the number of low-
frequency loss circuits and upon the relative loss in each circuit, it is
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therefore impossible to correctly compensate the low-frequency loss in
this case by means of automatic-background-control action, because the
EC time constant of the automatic-brightness-control circuit permits
the bias to decay only in an exponential manner. However, the decay
is practically linear if the RC time constant is large compared to the
time duration of the lowest-frequency wave to be faithfully trans-
mitted, as is the case having characteristics shown in Figure 7.

OutpuT TUBES

The general requirements for video-output tubes have been outlined
above. Three of the tubes currently available have characteristics
suitable for such use. These are the 6ACT7, the 6AG7, and the 6V6.
The table below shows typical operating conditions with bias supply.
The permissible load resistor for a given bandwidth varies inversely
as the output capacitance, so that the gain is a function of G,,/C,,; and
the maximum output is a function of 1,/C,,. From this table it may
be seen that the 6V6 has the greatest output, but the 6AC7 has the
greatest sensitivity.

TABLE I—TYPICAL OPERATION

Tube 6AC? 6AG? 6Ve
E plate 250 250 250 volts
E screen 150 140 250 volts
E bias 2.0 2.0 12.5 volts
I, 10 33 45 ma.
G, 9000 10200 4100 pamhos
Cou 5 12% 12 ppf
G,./C 1800 850 340 pmhos/ppf
Ip/Cout, 2.0 2.75 3.75 ma/muf

* The output capacitance of the 6AG7 tube has now been reduced to 7.0
wuf in place of 12 puf shown in the table. This reduction in output capaci-
tance correspondingly increases the realizable output and gain and permits
the use of this tube in types of circuits not previously suitable.

The input capacitance does not directly affect the operation as a
video amplifier, but it does influence the permissible load on the pre-
ceding stage and thus the overall video gain. In addition the plate and
screen-current requirements must be considered, the 6AC7 being most
economical in that respect.

Bias SUPPLY

The foregoing section was based on ideal bias supply. In practice
the bias may be “fixed”, self-bias, or grid-current bias. In the case of
fixed bias, the d-¢ grid potential is usually obtained by the drop across

www americanradiohistorv.com


www.americanradiohistory.com

426 RCA REVIEW

a resistance in the negative end of the power supply. Bypassing this
type of bias supply is not a serious problem because a resistance-
capacitance filter may be used. However, tubes operating at or near
maximum rating, as do video-output tubes, are more susceptible to
grid-emission difficulties and premature failure under fixed than under
self-bias condition, and fixed bias is more subject to voltage-supply
regulation troubles, so self-bias is to be preferred.

The use of self-bias by means of a cathode resistor results in
bypass problems because of the low-resistance value necessary for
securing the proper bias. The use of low-frequency compensation in
the plate circuit may not be as desirable a solution in this case as is the
use of a large bypass or no bypass. If degeneration at frequencies down
to 60 cycles is to be avoided capacitances of the order of 200 to 1000
pnf are required. With no bypass whatsoever there is no frequency
discrimination, but the effective transconductance is reduced by the
factor

G

G,m =
1+G,R

Where G’,, is effective transconductance, G,, is transconductance
under d-c voltage conditions obtaining, R is cathode-resistance value.
It can be seen that this degeneration may cause a loss of the order of
two to oue in sensitivity. Where this loss in sensitivity can be tolerated
the unbypassed cathode resistor may be used for bias supply.

It has been pointed out under the section on d-¢ reinsertion that
the operating bias for the video-output tube may be obtained by grid-
current flow through a relatively high value of grid resistor. This
method of securing bias may be used whether or not it is depended
upon for d-c restoration. It has a satisfactory frequency characteristic,
but does result in limitation of maximum output since the plate cur-
rent can swing only towards cut-off and the maximum plate current
at zero signal is limited by the safe plate dissipation of the tube used.
The maximum plate current under no-signal input conditions may be
held to a safe value by proper choice of screen potential.

The transconductance of a tube operating in this manner is not a
constant, since the operating bias is a function of signal amplitude
on the grid. The effective transconductance is therefore best given in
the form of a curve of output versus input. A series of such curves for
the three tube types considered is shown in Figure 8.

This series of curves is plotted with peak-to-peak output volts per
1000 ohms load resistance, against input in peak-to-peak volts. The
operating and circuit conditions under which these curves were ob-
tained are shown on the figure. The screen-bleeder values given provide
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adequate stabilization of screen voltage so that the data may be used
in evaluation of operation for d-c reinsertion by grid current.

The 6V6 is seen to have the highest output, but also requires the
largest input and is not linear over any appreciable range. The 6AG7
has good transconductance and high output and is very nearly linear
up to 2.5 volts input.
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The 6ACT does not have as high transconductance, and does have
materially less output voltage. It should be remembered, however,
that the gain is dependent upon permissible load resistor as well as
G,, so that the performance of the 6ACT is considerably better by com-
parison than would be indicated from Figure 8 because of its low-
output capacitance.

In order to decide which of the three tube types considered should
be employed in a given design, we must know the value of load resistor,
and in order to determine the permissible-load resistor the influence
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of various types of circuit must be taken into account. We shall accord-
ingly consider circuits for these three types of tubes with both grid-
current d-c reinsertion and diode d-c reinsertion.

Hi1GH-FREQUENCY COMPENSATION

Circuits used for high-frequency compensation in video amplifiers
have as their aim the elimination of the effect of inherent shunt capaci-
tance on the high-frequency response. The circuit should result in as
high a value of load resistor as possible over a given band width, since,
as has been mentioned above, the gain and output are dependent on the
load-resistor value. The circuit capacitances are principally those of
the output capacitance of the video tube and the input capacitance of
the picture tube. While the performance of some types of circuit
depends upon the ratios of these capacitances as well as their sum, the
total capacitance may be taken for general consideration of a perform-
ance index. With this qualification, the criterion of a video circuit is
RoC. Here R is the load resistance, o is 27 times the bandwidth over
which uniform response is obtained, and C is the total eircuit capaci-
tance. This criterion is not an exact one, because, as mentioned above,
some circuits depend upon the way in which the circuit capacitances
may be physically separated as well as on the total capacitance and in
addition the obtainable detail depends not only upon the frequency
range over which the response is flat, but also upon how rapidly the
response decreases outside that range. For example, if we were to
observe a picture on two different video amplifiers each of which had
a loss of 2 db in response at 3.5 Me, but one of which had a 10 db loss
in response at 3.6 Mc and the other had a 10 db loss at 4.0 Me, the
observable-picture detail would be greater in the case of the second
amplifier.

However, it is necessary, in the case of television receivers, to take
into account the overall passband, and the i-f response usually drops
off more sharply above the nominal cut-off frequency than does the
video response so that the advantage of a video amplifier with a gradual
cut-off is largely nullified from an overall television-receiver stand-
point. Consequently the uniform-response band width has been chosen
as the criterion in this paper.

The networks are considered to be driven from a constant-current
source, as only high-plate-impedance tubes have been discussed herein.

Several circuits have been employed to obtain uniform response
over the relatively great bandwidths required for television. One
method of approach to the problem has been through consideration of
network theory to determine what values of L, R, and C result in
uniform response over the desired bandwidth, the other method of
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approach has been through consideration of the properties of wave
filters.

The consideration from the network-theory standpoint has led to
evolution of circuits known as shunt peaking, series peaking, and com-
bined series and shunt peaking. The derivation of the expressions
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applicable to these circuits has been given in detail in a previous issue!
so will not be repeated. For the sake of completeness and for com-
parison with filter-type circuits the results of series and shunt-peaking
circuits in the case of video-output circuits are considered here.

One requirement for all practical video circuits is that there be a
capacitance across the points of application of voltage and a capaci-
tance across the points at which the voltage is taken off. This require-
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ment eliminates many circuits from consideration. There are six basic
circuits which are to be considered; these six circuits and the design
parameters are shown in Figure 9,

In that figure the d-c¢ connections and any isolating condensers
necessary are not shown. The capacitances shown are those of the
input and output of the tubes. The load resistor is R, the maximum
frequency of uniform response (cut-off frequency) f,, and the nom-
inal or determining value of capacitance C,. The other circuit para-
meters are as designated on the respective diagrams.

1. SHUNT PEAKING
The shunt-peaking circuit is the simplest type as it uses only one
inductance and does not depend upon any division of capacitance, all
circuit capacitances being lumped together at one point. It has the
lowest resultant load resistor of any of the circuits considered, but
has the merit of permitting wide tolerances in value of circuit com-
ponents with little change in performance, and has a gradual cut-off.

2. SERIES PEAKING

The series-peaking circuit divides the capacitance into two parts
and hence permits the use of a 50 per cent higher load resistor for a
given total capacitance and bandwidth than in the case of shunt peak-
ing. Optimum results from this circuit, both as to load-resistance
value and flatness of response, are obtained with a two-to-one ratio of
capacitances. The method of treating the circuit when the ratio is
other than two to one has been discussed by Seeley and Kimball.l The
series-peaking circuit has a small number of components and permits
of fairly wide tolerance of component values.

It is frequently possible to secure a higher value of load resistor
than would be indicated by the design expressions for series peaking
through use of a higher value of inductance. The use of this higher
value of load resistance and inductance may necessitate the addition
of a resistor of several thousand ohms across the inductance to secure
sufficiently uniform response, but the high load-resistor value obtained
is well worth while.

3. SERIES AND SHUNT PEAKING

The combination of series and shunt-peaking allows use of 80 per
cent higher load resistance than shunt peaking, but is more critical
as to component values and only allows use of maximum load-resistor
value when the two-to-one capacitance ratio exists.

4. SERIES m-DERIVED TERMINATION

In approaching video circuits from filter-theory standpoint, it is
necessary to review some of the pertinent factors applying to electric-

WwWWW . americanradiohistorv.com


www.americanradiohistory.com

VIDEO OUTPUT SYSTEMS 431

wave filters. A number of technical articles and books have been
written on the subject of wave filters and the terminology generally
used therein will be followed.

In order to avoid reflections it is necessary that the filter be prop-
erly terminated and in order to join one filter section to another they
must have the same image impedances. In Figure 10 are shown three
half sections which may be joined together to produce a filter. There
are two image impedances to consider, the mid-shunt image impedance
7’ which occurs in the middle of the shunt arm, and the mid-series
image impedance Z, which occurs at the middle of a series arm. We
are here concerned only with low-pass filters, so that the mid-series
image impedance occurs in the center of the filter inductance and the

Y Y2
"--- - Z —> C/ ; Col,
i Fog

Fig. 10

mid-shunt image impedance across a filter capacitance. In video filters,
experience has shown that it is readily possible to construct inductances
in the form of single-layer solenoids or very narrow universal-type
coils such that the Q is sufficiently high to make the dissipation effect
negligible and the distributed capacitance of the coil low enough to be
likewise negligible.

The mid-shunt and mid-series image impedances vary with fre-
quency in an inverse manner. At zero frequency the image impedance
of either type is R, the value of termination or effective-load resistance.

Then Z =RV1—A?
R

|

ZI —_——
V11— A?

where is mid-series image impedance

is mid-shunt image impedance

R ls nominal or terminating resistance of the filter

A is f/fe

f is any frequency lower than cut-off frequency

feo is cut-off frequency

7
ZI

These expressions show that the mid-series image impedance goes
to zero at cut-off, whereas the mid-shunt image impedance rises to
infinity.

In video amplifiers the voltage must be applied and taken off across
a capacitance because of the inherent tube capacitance, which means
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the voltage is taken off across a mid-shunt impedance. Now Z’ rises
toward infinity as cut-off is approached, but to obtain uniform voltage
we should have uniform impedance. If we shunt a capacitance C, /2
across Z’ this result is accomplished.

R
2=
V1—A? )
—J
X. of shunt capacitance = ————
2nfC,/2
But by filter theory
1
R=——
77ch0
—JR
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so that the combination of a mid-shunt image impedance and a capaci-
tance equal to the terminating capacitance will produce uniform
impedance. It is also necessary to obtain a constant impedance equal
to R in order to terminate the filter in R. This termination may be
accomplished by the use of m-derived sections, specifically by terminat-
ing half-sections with an » value of 0.55 or 0.6, since such a half-section
has the proper image impedance of one end to match that of a normal
or constant-K filter section and on the other end has an image imped-
ance which is a pure resistance up to 80-90 per cent of the cut-off
frequency. Series m-derived sections have an image impedance the
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same as the mid-series impedance of a constant-k section on one end
and uniform impedance on the other end.

Such a terminating half-section is shown to the right of points C-D
in Figure 11. To the left of C-D is a constant-k half-section with added
capacitance C,/, shunted across the terminals so that the impedance
across points A-B is uniform with frequency.

This type of filter permits use of twice the load impedance of the
shunt-peaking circuit and does not depend upon any division of
capacitance. Since the series mi-derived filters require very close
tolerances of components, including allowance for distributed capaci-
tance, this circuit is critical and would probably require a small
adjustable trimmer to provide for production variation.

5. SHUNT m-DERIVED TERMINATION

The same general principles discussed for series m-derived ter-
mination apply in the case of the shunt m-derived type, namely an m
of 0.6 to secure a half-section having uniform resistance termination
on one end and mid-shunt image impedance on the other end. The
shunt m-derived-type filter is quite versatile, a wide range of capaci-
tance distribution can be handled and maximum load of twice that of
the shunt-peaking circuit achieved. Experience has shown that this
circuit is somewhat less critical to changes in component values than
is the series m-derived type, but correct evaluation of distributed
circuit capacitances is required in calculating component values and
an adjustable trimmer will probably be required across C,, in this
circuit. Both the series m-derived and shunt m-derived filters have
sharper cut-off than other type circuits, because the 0.6 m section
provides a frequency of infinite attenuation 25 per cent beyond the
cut-off frequency. For this reason it is desirable to assume a cut-off
frequency 10 to 15 per cent higher than the desired upper frequency
of uniform response in making calculations on m-derived filters.

In filters with sharp cut-off, such as the m-derived type, experience
has indicated that reflection transients may be introduced into the
picture by misadjustment so small that the steady-state response
appears uniform and the steady-state phase shift linear. It is therefore
suggested that final adjustment of these types of filters be made by
observation of a test pattern.

6. Two-SECTION CONSTANT K
In addition to m-derived terminating sections, it is frequently
possible to use two constant-k filter sections to secure flat response and
a load resistor of twice the value obtainable with shunt peaking. Filter
sections may be joined together if they have the same image impedance
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although the cut-off frequency differs. If a section with higher cut-off
frequency is joined to one of lower cut-off frequency, the impedance
rise of the section of higher cut-off near cut-off frequency will not
affect the uniformity of response materially because it is beyond the
useful range of the filter as a whole.

If the capacitances can be so divided that those on the end are less
than half the value of the center capacitance satisfactorily uniform
response may be secured.

In Figure 12 is shown the manner in which such a filter is consti-
tuted. The load resistor depends upon the value of C,. The section
between A and B is a full constant-K section with mid-series impedance
at A and B to join to the terminating half-sections. The inductances
of this section are of course each half the value of those calculated for
the full section. The image impedance of the end sections must be the
same as that of the center section, but the cut-off is determined by the
value of C3 or C;. Since C; and C; are on the ends of the filter they
have half the value of a constant-K full-section capacitance. The load
E prevents the impedance at that end of the filter from rising near

T T )

Fig. 12

cut-off of that section, but to prevent the impedance from rising near
cut-off on the opposite end of the filter it is usually necessary to add
dissipation by shunting a resistor R, across the inductance on that end
of the filter. The filter is then seen to be made up of a full T section
in the center joined to a half-section on each end of the same image
impedance, but with cut-off determined by the existing capacitance.

This type of filter has high-load impedance and is less critical than
those discussed in sections 3, 4, and 5 above, but depends upon a favor-
able disposition of capacitance for optimum results.

PrAcCTICAL OUTPUT CIRCUIT CONSIDERATIONS

The several factors that affect the design of a video-output stage
have been discussed in the preceding sections. This section is devoted
to a practical application of these design considerations.

From a practical point of view, the factors that lead to the choice
of the output syvstem are: picture-tube characteristics, video band
width, type of d-c reinserter, gain and output required.
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TABLE 2 — PERFORMANCE OF SEVERAL OUTPUT SYSTEMS

Max. Peak

Type of to Peak

Viden Picture ne Cp Cy Ca fe R Voltage
Case Tule Tubhe Thsertion upf upf uppf  Me  Cireuit Obms  Output  Gain
1 6ACT 1802 Grid 7 16 2.5 2 5500 55  40.7
2 6ACT 1804 Grid 7 20 3.8 6 3300 38 281
3 6AGT 1802 Grid 14 16 2.5 1 2120 53 20.9
4 6AGT 1804 Grid 14 20 3.8 4 2230 b6 22.0
5 6ACT 1802 Diode 7 16 7 2.5 6 6650 166  60.0
6 G6ACT 1804 Diode 7 20 7 3.8 bHor6 3800 95  34.2
7 6AGT 1802 Diodz 14 16 7 2.5 3 2730 180  27.9
8 G6AGT7 1804 Diode 14 20 7 3.8 5 2880 190 29.4

It is impossible to cover all combinations of output circuits, but
eight cases are listed in Table 2 for illustrative purposes and it is
believed will assist in making the choice of output tube and associated
circuit in any particular design.

Two picture-tube types are considered, the 5BP4/1802-P4 and
9AP4/1804-P4. The type 9AP4/1804 has the same input capacitance
as the types 1801, 12AP4/1803-P4, and 5AP4/1805-P4 so that as far
as the video-output system is concerned they may be interchanged.

The three capacitances tabulated in Table 2, C,, C, and C,, have
the following physical significance: C, represents the output capaci-
tance of the video-amplifier tube in the socket plus the capacitance
added by the wiring. C, represents the input capacitance of the picture
tube plus wiring and socket capacitance, the wiring capacitance being
perhaps higher than will be encountered in some instances, but is
believed to be an average realizable condition. C, is the capacitance
added to the circuit by the diode-type d-c reinserter which in this case
was one plate-cathode of the type 6HG plus the capacitance-to-ground
of a 0.1-,f coupling condenser and a one-megohm resistor.

The band width tabulated as f, is the top-video frequency that is
to be transmitted with no loss in fidelity. It is to be noted that only
two different band widths are used namely 2.5 Mc and 3.8 Mc. The
2.5-Mc bandwidth condition is used in connection with the type 1802
picture tube because the size of the picture with this tube limits the
amount of detail that may be reproduced and very little is gained by
increasing the band width. The 3.8-Mc band width associated with the
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larger sizes of picture tubes is felt to be a reasonable value of top
frequency due to the band-width limitations of the usual i-f amplifiers.

The remaining columns have the usual significance with the excep-
tion of “circuit” which refers to the circuits of Figure 9.

CASE 1

In this case the circuit is that of series peaking, but the load re-
sistance is approximately 40 per cent greater than with conventional
series peaking. In raising the load resistance it is necessary to increase
the series inductance to maintain the high-frequency response. This,
results in more variation in gain in the pass band. With the capacities
listed for Case 1 and with 5500 ohms load and 430 ph peaking induc-
tance the variation is =5 per cent. With these conditions the gain is
good, but the maximum output is only about 40 per cent more than
the minimum required.

CASE 2

This condition is not satisfactory for the reason that the maximum
output is not sufficient to modulate properly the picture-tube grid.
The only means of getting more output is to increase the load or plate
current. The plate current is limited by plate dissipation while the
circuit used results in the highest possible load for the given conditions
of capacitance and bandwidth. Evidently this is not a satisfactory
video-output system.

CASE 3

In this case the 6AG7 output tube is considered. The type 6AG7T
and type 6V6 have the same output capacitance, so as far as the output
circuit is concerned, the tubes are interchangeable, the only difference
being in gain and maximum output. In this case, and those following,
the gain when using the type 6V6 is 40 per cent of that obtained with
the 6AG7 while the maximum output is 25 per cent greater with the
type 6V6.

The use of circuit Number 1 results in a low value of load resistance,
nevertheless, when using the type 6 AGT output tube is used, the gain
is fair and the output is more than the minimum required.

CASE 4

The circuit (Number 4) used in this case is that of a series
m-derived half-section terminating a half-section constant-k filter and
results in a reasonably high value of load resistance considering the
band width and total-shunt capacitance. The maximum output is ade-
quate with fair gain. The major disadvantage in using this combina-
tion lies in the circuit. This circuit requires very close tolerances on
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all of the components, particularly on the two capacitances, if uniform
gain over the band is to be obtained.

CASE 5
The gain and output for this case are excellent. However, to obtain
high gain and output requires the use of a diode-type d-c reinserter
which may not be justified in a receiver employing a five-inch picture
tube. If the diode were eliminated and replaced by a physical capaci-
tance the maximum output would be 67 volts with a voltage gain of
49 which would be good.
CASE 6
Two circuits are indicated in this case. They both result in the
same value of load resistance and as the gain and output are good the
choice lies between the two circuits. Circuit No. 5, employing a shunt
m-derived termination, has the disadvantage that the tolerance on the
components must be close if the transmission in the passband is to be
uniform. Circuit 6 does not have this disadvantage.

CASE 7

The maximum output in this case is much more than required and
the gain is reasonably good. However, the combination of tube and
circuit with the addition of a diode d-c reinserter is rather expensive
to use in a receiver employing a five-inch picture tube particularly in
view of the good results obtained in either Case 1 or 5. Further, the
circuit, which is series and shunt peaking, requires rather close toler-
ances of the two end capacitances.

CASE 8

As in Case 7, the maximum output obtainable is more than ample,
however the gain is lower than in Case 6 which also has sufficient
output.

One point in the above discussion of the eight cases that has not
been stressed is the matter of cost. Tube and component costs are
always evident, but the expenditure of direct current should also be
taken into account. The plate, screen, and bleeder current required by
the three video-amplifier tubes considered, when operating under two
conditions, are listed below.

GRID D-C REINSERTION

Tube ]l’ Isc Iblccdcr Total
6ACT 10 ma. 2.5 ma. 10 ma. 22.5 ma.
6AGT 30 6.4 25.6 62.0
6V6 45 2.8 11.2 59.0
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DiopE D-C REINSERTION

Tube I, I, o — Total
6ACT 10 2.5 = 12.5
6AGT 33 8.5 41.5
6V6 47 6.5 53.5

AAAAAAA

oI f

i 2
B L AAA—> +
_-_[—— — MANUARL
< T  BRIGHTNESS
CONTROL
Fig. 13

On all of the circuits except Number 6 it is evident how to connect
the diode to obtain d-c reinsertion. In Circuit 6 the fact that the load-
resistance R is at the end opposite to the amplifier plate requires a
slightly different connection as shown in Figure 18.

The eight cases considered cover the various output and picture-
tube combinations, but no attempt has been made to consider each of
the six filter types for each output and picture-tube combination.

The performance, as we have seen, was satisfactory in some cases
and unsatisfactory in others. The principles and parameters of both
output tubes and circuits have been discussed, so that the designer may
calculate video-output systems other than those selected for illustration,
in order to arrive at a design to meet the requirements of the particular
receiver under consideration.
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DEFLECTION AND IMPEDANCE OF ELECTRON
BEAMS AT HIGH FREQUENCIES IN THE
PRESENCE OF A MAGNETIC FIELD

By
L. MALTER

Research Laboratories, RCA Manufacturing Company, Inc.. Harvizon, N, J.

Summary—A theoretical study was made of the behavior of an electron
beam moving between « padr of plates across which is impressed « high-
frequency signal, the entive structure being immersed in « constant may-
netic field parallel to the plane of the plates.

The beam expericnces an oscillatory deflection with components parallel
and perpendicular to the plane of the plates. The amplitude of the deflec-
tion is dependent upon the transit time through the rcgion between the
plates and upon the strengih of the magietic field. The maxinmuom valies
occur at low-frequencies and zero magnetic field.

The beam results in the impedance between the plates becoming com-
plex. Since the resistive portion of this impedance goes through zero and
negative values, there exists the possibility of generation of sustained
oscillations in an cxternal circuit.

For certain combinations of transit angle and magnetic field, con-
siderable deflection scensitivity can be achieved while the resistive portion
of the itmpedance due to the electron beam is small or negative. Thus, the
possibility ewxists for the design of high-frequency amplifier tubes with
negligible loading.

The same general conclusions are arvived at when the velocity compo-
nents of the electron beam at the point of exit from the region between the
pair of plates is considered. Deflection-type umplifier tubes can be designed
which depend for their operation either upon deflecting wn electron beam or
giving the beam « wvelocity component normal to its original direction of
motion.

1. INTRODUCTION

high frequencies attention has recently been given to deflection

control. In these cases, an electron beam is projected between a
pair of plane-parallel plates in a direction parallel to their plane. (See
Figure 1.) The application of an electric field between the plates causes
the beam to suffer a displacement. This action can be taken advantage
of for control of the current transmitted to an output electrode. If the
applied field is alternating in nature, the deflection is correspondingly
alternating with a peak value less than that occurring in the case of a
steady field.

If the applied field is constant then the capacitance between the
plates is decreased by the presence of the beam. When the applied field
is alternating, the impedance as measured between the plates is altered
from a capacitative reactance to a complex impedance consisting in part

]:[N THE consideration of amplifying devices for operation at ultra-
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of a resistance and in part of a capacitive reactance, different from the
value for zero beam. Ior certain values of transit angle, since the
resistance assumes negative values, the possibility for the establish-
ment of sustained oscillations exists. In general, the solution of the
problem for deflection and impedance is of value in the consideration
of deflection devices for amplifiers at high frequencies. The complete
solution for the case described has appeared in the literaturel 2

If a magnetic field, parallel to the original direction of motion is
introduced, the displacement is, in general, no longer solely in the direc-
tion of the electric field, but contains a component parallel to the plane
of the plates (See Figure 2). The possibilities of more advantageous
combinations of deflection sensitivity and electron loading (impedance
due to beam only) indicated the desirability of the investigation of this
more general problem.

X

<

DEFLECTION PLATE

/\

GEFLECTION PLATE
Fig. 1—Electron path in electrostatic field.

BEAM

2. SOLUTION oF EQUATIONS OF MOTION
Notation: (See Figure 2).

¥, 9, z—Displacements in X, Y, and Z directions respectively
u, v, w—Velocity components in X, Y, and Z directions respectively
w,—Initial velocity (directed along %)
V,ewt—Voltage applied between plates
H—Magnetic field strength
d—Spacing between plates

Vo
I, = ———Peak value of electric field
d

l—Length of plates

e—Angular frequency of electric field

t-—Time of entry of electrons into deflecting field
m—DMass of electron

e—Charge of electron

1 A. Recknagel, Zeit. f. Tech. Phys., 1938, No. 3,
2 Hollmann and Thoma, Ann. der Physdf Vol. 32 p 459 (1938).
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T'he equations of motion are

mz = cHy -+ ek ¢! o
my = — eHz @)

It is assumed that the field between the plates is terminated abruptly
at both ends, so that the time of entry (¢,) and the transit time (7)
of the electron through the region between the plates are sharply
defined. 1x

z
BEAM .

W
—

Fig. 2—Electron path in combined electrostatic and magnetic field.

A—VELociTy COMPONENTS

If one sets a =e¢/m H and b =e/m E, the solutions of (1), (2),
and (8) for velocity components are

. bo . o+ a w—
w=—1 eiot] 1 e—ile 1 oT __ e~ ile—a T | (4)
o — az 20 2(u
ba . o-—a o+ a
v= efet | 1 4+ e—ile b )T e—ile—0T | (5)
o?—a? 2a 2a

w=w, (6)

where i=vV —land T=t—1¢,

If T=r, then (4), (5), and (6) represent the exit conditions for
the electron beam.

For small transit angles, (4), (5), and (6) become

sin aT
Ur 50 =0T eiwl (7N
aT
1—cosal
vr 50 =—>0T — ) gict (8)
aT
Wr 0 == W, (€))
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~
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37 2 57 3
2 ” 2 ”

Ny
3

p=wT

Fig. 3—Velocity in X direction acquired in combined fields.

Finally, for small transit angles and zero magnetic fields, the velocity
compotients are

Ur > 9= DT efwt =9 ¢ivt (10)
II=0 -

Vr0=20 (11)
H=0

Wr - = W, (12)
H=0

where 7 is the transverse velocity acquired in time 7' by an electron
U'aversi—ng a constant electric field of intensity E,.

Then U =] u/u|and V =| v/u | represent the ratio of the maximum
exit velocity in the case of the alternating field (with magnetic field
present) to the velocity in the purely constant electrostatic field of
intensity equal to the peak value of the alternating field.
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1.0
0.8
0.6
q:7r
=27
vl e ANy
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=7z
_37
A\
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% T _321 27 i’% kL4 77"’ ar

p-wT

Fig. 4—Velocity in Y direction acquired in combined fields.

443

Setting oT =p and aT =gq, (4), (5), and (6) can be recast into

the more useful forms:

p »+aq D—q )
= ——— 1— e—-i(p—{-q)-—- 6'-—"("—_'7)
»r—q° 2p 2p
q pP—q p+q
Ve — 14| —— Je—ttr+ -~ e—tilp—a
»—q* 2q 2q

W=,

IFor small transit angles (4') and (5') reduce to

sin q 1 —cosgq
(7 Viso=——— (8"
q q

U7-—>0:
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|v]
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\
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HRVANPGA

]

v

° 3
% L4 27’ 2m ‘L; 37 7?7’ an
Q=¥ HT

Fig. 5—Velocities for small transit angles.

Values of U and V as a function of p for various values of q as
obtained from (4’) and (5’) are plotted on Figures 3 and 4. Values as
a function of ¢ for small transit angles as obtained from (7’) and (8')

are plotted on Figure 5.

B—DISPLACEMENT COMPONENTS

In the case of displacements, too, it is desirable to express the re-
sults in terms of the displacement occurring in a constant electric field
of intensity E,. The displacement in a constant field of intensity E,is

given by
bT?

2

H

x

One now sets

2
and Y = l (10)

X

l

x
X
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0.4
. / A \\_T-T\\(’ =
clig
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/ q=27 \k
\\L.. _\7<_
_‘/
0 " = S 27 Ed 7 Ir 47
2 2 2 2
p=wT
Fig. 6—Displacement in X direction for combined fields.
where z and ¥ represent the displacements in the general case of com-
bined magnetic field and alternating electric field. A further integra-
tion of (4) and (5) in terms of (10) yields
2 »+q P—4q .
X — 1— e—th—o + ¢— W+ @) (11)
P—q¢ 2¢ 2q
2 ¢ (p—q p+q P—q
Y = _ e—to+a—| —— e—ith—a + e— 1t (1
pP—aq*| » \ 2¢q 2q Pq
Z = w,T

For small transit angles, these become

2(1 —cos q)
X:50= o (13)
q!
2(q —sin q)
T 0= — (14)
qi
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Fig. 7—Displacement in Y direction for combined fields.

Values of X and Y as computed from (11), (12), (13), and (14) are
plotted on Figures 6, 7, and 8.

3. ELECTRON LOADING

When the electron beam is in the deflecting field it induces positive
eharges in each of the pair of plates. Since the beam deseribes a vary-
ing path, the induced charges in the pair of plates will not, in general,
be equal or constant. As a consequence, a net current will flow in the
deflecting-plate circuit in addition to the capacitive displacement cur-
rent itself. The difference between the total current flowing in the
deflecting-plate circuit when the electron beam is present and the dis-
placement current which flows when the beam is absent, will be
referred to as the loading current. The ratio of the loading current to
the voltage applied to the plates will be known as the loading admit-
tance. In general, this admittance will be complex, being composed of
both conductance and susceptance. '

The portions of the loading admittance and loading current due to
the varying path of the electrons within the deflecting field will be

designated as the velocity components.
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Fig. 8—Displacements for small transit angles.

1n addition to the veloeity components, another arises, due to the
removal of the electron from the deflecting field. As the electron
approaches the exit edge of the field, it has, in general, been displaced
transversely from its entrance position (assumed to be midway between
the plates). As a consequence the induced positive charges on the pair
of plates when the electron is at the exit position are no longer equal.
As the electron emerges from the field these positive charges must
disappear, thus entailing a current flow in the external circuit. (No
such flow occurred at the entrance to the deflecting field due to the
fact that the positive charges were balanced.) As the beam position
at the exit varies, a net current will flow in the external circuit which
provides an additional component to the loading current, and will be
known as the displacement component of loading current. The corre-
sponding admittance component is similarly designated.

A. VELOCITY COMPONENTS OF LOADING CURRENT AND ADMITTANCE

Consider a charge e located in the region between the deflecting
plates as shown in Figure 9. The current flowing between plates 4
and B as a result of the total motion of the charge is shown directly
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Fig. 9-——Electron-electrode configuration.

e dr e
from image theory to be ———=—u where z is the displacement
d dt d

from the median plane. The current between A and B, due to the
charge in length dz of the beam moving with velocity o, in the Z direc-
tion, is dI, = —j,/w, d udz. Since w = w, = constant, r is independent
of either ¢ or f,. Consequently dz/w, = dt,, and

dal, =j,/d u dt,

and the total current between the deflecting plates due to the trans-
verse motion of the beam is

j T
1":__0_/‘71(”,,
d Jo

where j, is beam current.
B. DISPLACEMENT COMPONENTS OF LOADING CURRENT AND
ADMITTANCE

It is assumed that the pair of plates are long compared to the dis-
tance between them. As a consequence, the fringing field is sufficiently
thin so that the electron may be assumed to go from the uniform field
condition to zero field instantaneously.

Referring once again to Figure 9, we find that the difference
between the charge induced on plates A and B by the charge e is

Qs —Qp=2ex/d
When e emerges from between the plates the charge difference must

vanish. As a consequence a charge Q = e 2/d must flow from one plate
to the other. A beam current j, emerging from between the plates will

7
give rise to a current Izzlx flowing between the plates.

The total loading current is, therefore,

Jo i
I=1I,+1,=" <x—/udto> (10)
d 0

where x is the transverse displacement at the exit position. For static

fields, since :ju dt,, I =0 as it should.
o
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Fig. 10—Conductance due to electron beam in combined fields.

A more formal derivation of (10) has been carried out by Reck-
nagell.

The loading current can now be evaluated by substituting in (10)
the previously derived values for x and u. There results

o _ 1 ) 1p({ptgq )
I =pB+* V et ————— —1+ip+——\|\——] e p+09
l‘l

d 2 —q° 2qg \p—q
1p /[ p—a p? + q°
e — VY — - (11)
2qg\ptaq P —¢
where 8 =e/m

I

Now let A =———=C 1S be the loading admittance
"7“eli“«lt - -

where C is the loading conductance
and 8 is the loading susceptance
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Fig. 11—Susceptance due to electron beam in combined fields.

then for H =0

187'2 jo X . )
Au:o:_‘,‘ P —2+4ip (2 ip)e~ (12)
Pt d

This formula is contained in Recknagel’s paper!.

For H =0 arid small p
o f P
Cru=0\=p — (18)
(m) d: \ 12
Jo f D
S/n=o\y=—8+— — (13a)
( p-o0 ) d? 6

To permit of plotting conductance and susceptance, it is convenient to
define the quantities C and S as

C=-— (14)
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Fig. 12—Ratio of conductance to displacement in X direction.
S

= I (15)
§ H=0
»-0
Applying (14) and (15) to (10) and separating the real and imaginary
parts, there results

12 1p/fp+a
C=—— —| —1+——|——)cos (p—4q)
p*(p* — ¢*) 2 g\ pP—4q
1pfp—q P+ q°
——— cos (p+@)—|— (16)
2 g\ pta pP—q
6 1 /p+tgq
S=—}|1—— sin{p — q)
P’ — ¢ 29\ »—4¢q

1 [/ p—aq
+— < >sin (p+ q):| amn
29\ p+aq
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Fig. 13—Ratio of conductance to displacement in Y direction.

C and S as a function of p for several values of q are plotted in Fig-
ures 10 and 11.

For small transit angles

12 :
Cp->0=—1(2—2cos g — qsinq) (18)
q4
6
Sp-0=-— (q—-sinq) (19)
qS

These are plotted in Figure 8.

DiscussioN

An examination of Figures 3 to 8 indicates that under no condi-
tions can deflections or transverse-velocity components be obtained
which exceed the value for the case of a constant electrostatic field.
However, although the deflection is always decreased by the magnetie
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Fig. 14—Ratios of conductance to displacement for small transit angles.

field, the loading too, is decreased for certain conditions of operation.
The actual decision as to whether any advantage exists in the employ-
ment of a magnetic field can be determined by plotting the ratio of

C C

conductance to deflection, i.e., —, and —. This is done in Figures 12,
X Y

13, and 14. These curves reveal at once that there are large ranges of

¢ over which both of these quantities are decreased below the values
for zero magnetic field. Thus, the addition of the magnetic field results
in an effectively lower electron loading for the same deflection sensi-
tivity.

Figure 6 shows that for certain values of wr, the electron loading
conductance is negative, This fact presents the possibility for the use
of these devices as oscillators; it merely being necessary that the nega-
tive conductance exceed in value the positive conductance of the
external circuit. For small transit angles, values of ¢ between 27 and
about 9 also result in negative loading conductance. Negative-con-
ductance conditions reoccur at higher values of g, but with diminishing
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magnitude. In fact, there are certain conditions of field and transit

c

angle for which the ratios — and — vanish. Thus, it is possible to

secure deflection control with zero electron loading. The same conclu-
sions apply to the quantities E and —.
Equation (13a) indicates ’glat the}/change in susceptance at low
frequencies is negative. Since susceptance =wc¢, the capacitance
.
change at low frequencies is negative and is given by e/mT— ]: , a
quantity which is independent of frequency. This change is a?lal(cl);;ous

to the “dynamic capacitance” of space currents in diodess.
I am indebted to D. O. North for very helpful discussions.

3 Benner—Annalen der Physik, Vol. 3, No. 17, p- 993 (1929).
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ENGINEERING FACTORS INVOLVED IN
RELOCATING WEAF

By
Raymonp F. Guy

Radio Facilitics Enginecr. National Broadeasting Company. Inc.. New York

Summary—An exhaustive search for the best location of a mew 50-kw
WEAF transmitter indicated that it was to be found on the Sands Point-
Port Washington peninsula. A new WEAF transmitting plant was built
there in 1940 and the predicted results were fully realized. The population
provided with 25-millivolt service was increased 450 per cent, to @ total of
about ten million, and the population provided with 50-millivolt service
was nereased 2900 per cent, to about five million.

Considering all factors, the Port Washington site appears to be the
nearest possible approach to ideal for o siction designed to serve the
Greater New York area with 50 kw power.

transmitter at Bellmore, L. I., the first 50-kw broadcasting station

on the Atlantic Seaboard and one of the few in existence anywhere
in the world.

Many other stations in New York and elsewhere have followed
NBC’s example. Unfortunately, however, pioneers and leaders are often
penalized by rapid technical developments and changes in standards and
it became evident with the passing years that WEAF was not an excep-
tion to this generality. The end result of this series of events was the
abandonment of the Bellmore station on November 8, 1940 and the
placing into service of a complete new plant with the same power, but a
much more favorable location at Port Washington, Long Island. This
new station is but 14.5 miles from Columbus Circle, instead of 23, and
serves that central point over a predominantly salt-water path having
a conductivity of 50,000 X 10—'5 electromagnetic units instead of over
earth having a conductivity of from 10 to 50 X 10—1% electromagnetic
units. As a result the number of persons provided with 25-millivolt
service was increased four and one-half times to a total of ten million
and the number provided with 50-millivolt service was increased 29
times to five million. Increased Bellmore antenna efficiency, or the use
of a directive antenna, would not have provided the degree of improve-
ment desired. The use of powers in excess of 50 kw is still prohibited,
and in no event would it have been installed at Bellmore because of the
high earth attenuation toward New York. It may be of interest to see
how much power would have been required to produce the desired
result. The field intensity was 10 millivolts in upper western Manhat-

I[N 1927 the 5-kw WEAF plant was superseded by a new 50-kw
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tan and 75 millivolts intensity was desired. The desired field-intensity
gain was thus 7.5 times. Since the field intensity varies as the square
root of the power ratio, the power required would have been (7.5)2 X
50 = 2812.5 kw.

The WEAF move was delayed for some time because of the con-
fused situation with respect to clear-channel station-maximum powers.
When it became evident that the Class 1A channels, earmarked by
international agreement for 500 kw, would not be licensed for more
than 50 kw for an indefinite time to come, the Port Washington project
was undertaken.

The conventional method of investigating potential radio-station
sites, and the one used by NBC, is to select promising locations and
plot by calculation 8 to 10 field-intensity radials from which the various
contours may be drawn on suitable maps. From these the populations
within the important contours are tabulated, using the Federal census
and other sources of population data. An engineer experienced in this
work can do this quite accurately. From the most promising group of
prospective sites a few are selected for further examination. This often
consists of a site survey using a low-powered transmitter and tempo-
rary antenna on, or very close to, the exact site. This was done at Port
Washington North, and one alternate site at New Milford, New Jersey.

What constitutes the ideal radio station site? There are many
desirable features. DBut the most desirable is that as many persons as
possible be provided with satisfactory field intensity, and as few as
possible with too little or too much. 75 Millivolts is considered about,
ideal for such densely populated areas as Manhattan. 25 millivolts is
excellent for the fringes of such areas. A principal requirement is
that the population within the 250-millivolt contour be as limited as
possible, because higher field intensities produce rapidly increasing
difficulties with radio receivers lacking good selectivity.

An inspection of Figure 1 will show the somewhat startling fact
that there appears to be, by modern standards, a good specific trans-
mitter location having definite and valuable advantages over any other
ones and that is the Sands Point-Port Washington peninsula where the
new WEATF plant is located. Those advantages may be listed as follows:

1. It is very close to the center of population of Greater New York.

2. The center of population is slowing moving in the direction of
{he new site.

3. The 250-millivolt contour is distributed in such a way that the
population within it is the lowest of any of the satisfactory sites. It
may be seen on Figure 1 that this contour barely reaches the shoreline
of the heavily populated Westchester side of Long Island Sound. The
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contour skirts this shoreline, barely reaches the shoreline of the White-
stone peninsula and also barely reaches the shoreline of the Glen Cove-

458
Sea Cliff areas. The 250-millivolt population increases rapidly as the
transmitter location is moved toward Westchester, reaching very high
: i
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Fig. 2
Similarly, moving inland to the

WEAF 5Mv CONTOUR—
values at the Westchester shoreline.
souitheast or the southwest also results in an increase.

4. Service to the Newark area is provided by the direct route over
the center of Long Island Sound, thus giving the highest possible
ratio of salt water to other less desirable terrains. It may be seen on

Figure 1 that the Newark area is served with 35 millivolts. It may
also been seen that moving only a few miles to either the northwest or

www americanradiohistorv com


www.americanradiohistory.com

ENGINEERING FACTORS IN RELOCATING WEAF 459

the southeast, but particularly the northwest, would introduce a
oreater propoition of highly attenuating terrain, thus reducing the

%
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Preliminary measurements
ou new WEAF transmitter
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field intensity in the Newark sector. This area is very important since
it is the lurgest concentration of population and the choicest markel
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The very short distance from the

area of Northern New Jersey.
WEAF antenna to the beginning of the salt-water path is not sig-

nificant so far as attenuation is concerned.
5. The new transmitter location is in a comparatively isolated por-

rrrree

Triy

Fig. 4

tion of the Port Washington-Sands Point area, but despite this isola-
tion it is served by good highways, good transportation, water, tele-
phone and power facilities, is isolated from any threat of floods, and

is close to attractive residential areas for the staff.
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6. The location is east of New York City, making possible the use
of some desirable antenna directivity to the west where both primary
and secondary coverage are most important.

7. No other station is located in that area and as long as this is
the case cross modulation will not be a problem.

FIELD INTENSITY CHART
WEAF. + ©G6Qxe
ocesonl % HESHING TONown 2/ 30/20.
= Dvecton of m,ﬂ24.2522[4_'_.
= rower SO KW, sen DIRECTION e
1E1 TR owta Corractng - ant. cor. A8.3 2.5, 5 aemen.
12f-d  NATIONAL BROADCASTING COMPANY, INC.
Radio Facilities Section

FIELD INTENSITY - MILLIVOLTS PER METER

T i | [ I ST rimiiiai 13 waa nad il el | s A il
5 6 7.8910 2 3 4 5 6 7 8910 20 30 40 50
MILES FROM TRANSMITTER

Fig. 5

In addition to other desirable features listed, the Port Washington
site had very high soil-load-bearing capacity, which greatly simplified
foundation designs and construction. At normal footing depths the
load-bearing capacity was at least 10,000 pounds per square foot.

Figure 2 shows the population per square mile in the area of
Greater New York and its environs according to the U. S. Census of
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1930. It may be seen on Figures 1 and 2 that no arveua of’ 50,000 persous
per square mile is served by less than 35 millivolts and, with the excep-

GROUND WAVE FIELD INTENSITY

ATTENUATION CURVES FOR A FREQUENCY OF 660

K.C. AND SOIL DIELECTRIC CONSTANT OF G,

BASED UPON INVERSE FIELD STRENGTH OF 1000

FLLIVOLTS AT ONE MILE. CONDUCTIVITY N

2000k

| ELECTROMAGNETIC UNITS.

KATUONAL SROADCASTING CO. INC.
RADIO ENGHNEERING DEPARTWENT

FIELD INTENSITY - MILLIVOLTS PER METER

MILES FROM TRANSMITTER
Fig. 6

tion of two small isolated sections which are in Newark, all such areas
are served with from 60 to 150 millivolts. The average for all such
areas is roughly 80 millivolts, which is ideal.
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Figure 2 shows the boundaries of the area known as Greater New
York. It may be seen that WEAT serves substantially all of this great
area with a signal intensity well in excess of 5 millivolts per meter.

Twenty engineer-weeks of personnel time and five weeks of elapsed
time were devoted to the study of the external performance of the
new station out to the 25-millivolt contour. In making such a study,
which is a normal part of such a project and a requirement of the
I'CC, 19 days were devoted to the selection and staking out of suitable
locations for the subsequent accurate field measurements. Approxi-

mately 50,000 linear feet of radial distance were chained off to estab-
lish accurately the distances to the nearby measuring points, and many
other points at slightly greater distances were measured by triangula-
tion, using a transit. Bevond the first few miles the distances were
scaled off of maps. Since all field measurements had to be made between
1:00 and 6:30 A.M. when the old Bellmore transmitter was not in
operation, it obviously was necessary to select the approximately 100
nearby measuring points in advance during daylight.

Figure 1 shows, by servial number, the more distant field measuring
locations and Figure 3 shows those within the f{irst few miles.
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THE ANTENNA

In selecting a transmitter location for a seaboard city, it is obvi-
ously desirable to locate to the seaward of such a city and thus be able
to moderately concentrate the field away from the ocean wastes and
toward the useful primary and secondary service areas inland. Were
WEAF located inland from New York City, as in Northern New Jersey,
it would have been most undesirable to weaken the primary service over
Long Island by directionalizing to the west. Without such directivity
the night-time easterly skywave power would have been largely wasted
spraying the Atlantic Ocean. WEAF, being a Class 1A clear-channel
station, can provide night-time service over a vast area extending as
far as western Indiana. It can provide it better if the field is concen-
trated in that direction instead of to the ocean wastes. For these

.. ._.-._‘n':"_-f'_";‘-'ﬁ_ngr? .

Fig. 8

reasons the WEAF radiating system was made directive to a moderate
degree, as shown on Figure 4. This, however, was not the only reason
for locating east of New York City. The New Jersey location tested
compared rather poorly with Port Washington with respect to the
interference problem, and also with respect to the proportion of the
population receiving the optimum field intensities as against those
receiving too little or too much.

The antenna system consists of two separately-excited towers spaced
400 feet, or 97 degrees. They are excited by currents having a phase
displacement of 115 degrees and an amplitude ratio of 3.33. The true
bearing of the tower line is north 75 degrees east. The field is reduced
to the rear to only a moderate degree and this occurs largely over
unpopulated salt water wastes and adjoining thinly populated areas
not requiring very high field intensities.
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Figure 4 is the result of field measurements in which the ratios
of directive to nondirective field intensities were compared. By this
method of directivity measurement the effects of fixed-instrument inac-
curacy or local-field distortion are automatically cancelled out.

Figure 5 is of interest since it shows the measurements on the
N. 252° E. Newark, N. J. radial from Port Washington. The following
table compares the field at various distances on this radial with the
field on the N. 153° 54" E. radial toward Bellmore. The latter radial

MeLaughlin Aerial Photos

is typical of the terrain formerly traversed from Bellmore to New
York City. The effects of directivity have been omitted by correcting
to make the 1-mile fields equal.

Figures 1 and 3 show all of the radials followed and the measuring
points on each.

Figure 6 is a family of curves of ground-wave field intensity plotted
against distance and drawn on the same coordinate paper as is used
for plotting the various radials. The conductivity of a given radial is
determined by superimposing Figure 6 upon the plot for the radial and
noting which conductivity curve fits the slope of the radial.
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FIELD-INTENSITY TABLE

) Field-Intensity Flield-Intensity
Miles Dellmore Radial Newark Radial
3 405 500
5 190 325
10 67 160
15 30 83 (Columbus Circle)
2(2 18 50 (Jersey City)
25 7 35 (Newark)
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Fig. 10

Figure 7 is an aerial photograph which graphically illustrates the
advantageous location of WEATF with respect to the salt water path.
Figures 8 and 9 are photographs of the new station.

Figure 10 shows a comparison of the 25 and 50-millivolt coverage
of the Bellmore and Port Washington stations.

The operating characteristics of the transmitting equipment are
representative of the best modern practice. The frequency response
of the transmitter is uniform within a range of 30 to more than 15,000
cycles, and the Radio City studios have an equally excellent range.
The duplicate connecting telephone circuits are uniform in response
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from 30 to 10,000 cycles and could be extended if there were anything
to be gained by doing so. The signal-to-noise ratio on the combined
telephone circuits and transmitting plant is 63 db, equivalent to about
1250 in voltage. The distortion is maintained at about 1 per cent at
full modulation over the frequency range where the normal amplitudes
are greatest. 32-db of overall inverse feedback is used in the trans-
mitter. These standards which have been maintained by NBC at all its
stations for many years, may be taken for granted, and do not warrant
further description herein.

Duplicate power lines enter the station over separate routes and
duplicate program lines enter through separate cables over separate
routes. The station is equipped with a receiver suitable for high-
fidelity program relaying, and in the remote event of failure of both
program lines, the programs may be relayed to the station without
loss of fidelity, through W51NY, NBC’s frequency-modulation station
in the Empire State Building.
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By
S. W. SEELEY

RCA License Laboratory, New York

Summary—This paper, which contains generalized theory of the prin-
cipal characteristics of frequency-modulation systems, is purposely made
broad in its attack in order to achicve simplicity of presentation of funda-
mentals. Detatled treatment of specific problems associated with this type
of modulation is given in the articles listed in the appended bibliography.

I. FREQUENCY AND PHASE MODULATION

phase modulation into one treatment may seem improper, at

first glance, when the subject to be treated is frequency modu-
lation alone. It has been done in this section of the paper because the
two are so related that an understanding of both is necessary for a
true picture of either.

COMBINATION of discussions of frequency modulation and

The simplest conception of a frequency-modulated wave is of one
with unvarying amplitude whose frequency is altered cyclically above
and below its mean unmodulated value. However, if we consider phase
modulation in its simplest form, it can be seen that frequency modula-
tion also results therefrom. Consider the case of Figure 1, in which a
carrier wave of unvarying amplitude A has its phase advanced and
retarded sinusoidally between values of +¢ and —¢, with respect to
its unmodulated phase. In this case the peak-to-peak phase modulation
is, of course, 2¢. At the end of its excursions at either 4+¢ or —¢ the
frequency of the wave is identical to that of its unmodulated value.
However, as it progresses from —¢ toward +4¢ and back again, its
frequency is alternately increased and decreased, with frequency
maxima and minima occurring at the point P. Thus it can be seen
that the instantaneous periods of maximum phase displacement and
maximum frequency deviation are misplaced from each other by 90° at
the modulating frequency. In other words, if the phase modulation is
assumed to be a cosine function, the frequency modulation is inherently
the rate of change of phase, which is the first derivative of that cosine
function and thus is a sine function. This assumed example is of the
simplest case where the modulating component is a pure sinusoidal
frequency. If the modulating frequency is raised, but the amount of

468
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phase modulation maintained constant (deviation between -+¢ and ¢
maintained) the rate of rotation of the vector A as it passes point P
will be increased, which means that the maximum and minimum fre-
quencies occurring when the vector is at point P are also increased.
Thus constant phase moduiation at all modulating frequencies results
in more frequency modulation when higher modulating frequencies
are used than for lower ones.

Figure 2 shows another simple relation between frequency and
phase modulation. In the upper plot the frequency is shown to vary as
a square wave, first above and then below its mean value. As long as
the frequency remains at its increased value, the phase must bz
advancing, as shown in the plot immediately beneath. Then when the
frequency is reduced on the other part of the square wave, the phase

+
ey
=
N
< - -
&
b
TIME

*

RELATIVE |,
PHASE

Fig. 1 Fig, 2

is progressively retarded. The square wave will be instantly recog-
nized as the first derivative of the triangular wave below. This is
another simplified means of illustrating the fact that frequency modu-
lation is a function of the first derivative or rate of change of any
existing phase modulation.

From these considerations it is evident that if an end product is to
consist of a frequency-modulated wave whose frequency deviation is
proportional to the instantaneous amplitudes of a complex modulating
wave, and if that frequency modulation is to be derived from a phase-
modulating process, the complex modulating wave must first be inte-
grated. In other words the applied modulating components must have
amplitudes inversely proportional to their frequency, since a small
amount of phase modulation at a high modulating frequency will
result in the same amount of frequency modulation as a greater phase
displacement at a lower modulating frequency.
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II. DEVIATION AND BAND WIDTH

The simple conception of a frequency-modulated wave, in which
the frequency of a carrier wave of unvarying amplitude is altered
cyclically about its mean value, is sufficiently adequate if the maximum
frequency excursions of the carrier-wave frequency are large compared
to the modulating frequency, for example, in the case of a wave being
varied between limits separated by, say, 150 ke with the wvariation
occurring sinusoidally at a 100-cycle per second rate.

If, however, the maximum frequency excursion is of the same
order of magnitude, or equal to, or less than the frequency of change,
the case is not so simple. It has often been proposed in all good faith
that a communication channel could be narrowed by the use of fre-
quency modulation in which the deviation in eycles per second is less
than the modulating frequency. However, it is axiomatic that any side-
band energy (and consequently the necessary intelligence component)
in any type of modulation, whether frequency, phase, or amplitude, will
not approach the carrier closer than a frequency interval equal to the
modulating frequency. Therefore, if a narrow-band receiver is used
to intercept a small deviation frequency-modulated wave whose modu-
lating frequency is greater than one-half of the band width of the
receiver, none of the modulation will be received. If we assume the
case of a frequency-modulated wave with a modulating frequency of
10,000 cycles per second, which causes a deviation of + and — 10,000
cycles in the frequency of the carrier, a receiver with theoretically
perfect band pass in its r-f and i-f circuits 19.9 ke wide with perfectly
perpendicular sides, tuned with the carrier at the center of the band
to receive that frequency-modulated wave, would not give any evidence
of what modulating frequency was being used. A pure unvarying
carrier with neither frequency, phase, nor amplitude modulation would
be applied to its demodulating detector. It is true that in the example
cited the received carrier would be somewhat decreased in value (actu-
ally to about 76 per cent) from its unmodulated amplitude, but this
need not concern us for the moment. The example is cited simply to
emphasize the fact that in frequency and phase modulation, as well
as in amplitude modulation, the intelligence components are carried
in side-band energy, and that that side-band energy must be received
in order to interpret or reproduce the original modulation.

In the example cited above, side bands will exist not only at fre-
quencies of + and — 10 ke with respect to the carrier, but also at
+ and — 20 ke, as well as at 30 ke, ete.! If the theoretically perfect

1 See publications listed in the bibliography for more complete explana-
tion of this characteristic.
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band pass of our receiver were just sufficiently wide to pass only
those side components at + and — 10 ke, we would have the condition
shown in Figure 3A. In this figure the first three side bands are
shown with their relative amplitudes when the peak frequency excur-
sion divided by the modulating frequency is equal to unity. The theo-
retically perfect pass band is shown just including the carrier and the
first two side bands. The resultant wave is as represented vectorially
in Figure 3B, with the upper and lower side bands revolving about the
point P, first causing a phase displacement to point 7" and then to P”.
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Under these conditions it can be seen that the resultant instantaneous
scalar magnitude of the carrier will vary between .76 and 1.16. In
other words, amplitude modulation at twice the modulating frequency
has resulted from deletion of all but the first side bands. This ampli-
tude modulation contains no components at the 10,000-cycle frequency,
is chiefly second harmonic, and contains small amounts of other even
harmonics.

If now this wave shown emerging from our perfect 20-ke band
pass filter is passed through a limiter stage which denudzs the carrier
of any amplitude modulation, the vector A will oscillatz between the
point A" and A”, which means that additional side bands have been
recreated to cancel the amplitude modulation. It so happens that all
of the even harmonic side bands are reinserted by a limiter stage, but
that the odd harmonic side bands are not so reinserted, and thus a
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small amount of distortion (principally third harmonic) in a demodu-
lated wave which had been subjected to the process above described
would result.

III. NOISE REDUCING PROPERTIES OF FREQUENCY MODULATION

If a single, sharp, interfering impulse is applied to a band pass
receiver, the resultant wave train which ensues is a function of the
upper and lower frequencies of the pass band, and, for purposes of
this discussion, can be assumed to be at one frequency only, namely
that at the center of the pass band. An idealized mathematical expres-
sion for the wave train takes the form of

A cos (wy; —wy)t (wy + wa)t
cos
t 2
where A is a coefficient and w,; and w, correspond to the upper and
cos
lower limits of the pass band. The expression of the form
x

(similar to the first part of the above expression) indicates a falfing
amplitude of wave envelope for positive and negative values of “t” as
shown in Figure 4. Most of the energy of this wave train is, of
course, under the large middle portion of the envelope, but the signifi-
cant point is that for purposes of analysis the frequency can be
assumed to be constant and equal to the mean frequency of the pass
band, as shown by the second portion of the expression. Thus if this
peak of interference, emerging from the pass band filters, is applied
to a perfectly balanced back-to-back frequency-modulation detector
or discriminator, its effect on both halves of that circuit is identical,
and the net result is zero output.

If, however, a carrier wave at the mean frequency of the pass band
is also present, the instantaneous phase of the interference energy and
of the steady state carrier may take on any random value. Thus if
the phase of the wave train due to the interfering impulse is, say 90°
ahead of the carrier-wave phase and the interfering impulse is much
stronger than the carrier wave, the instantaneous phase of the resultant
of the two is altered considerably during the transmission of the inter-
fering pulse. Therefore, even though the two waves together are
passed through a limiter stage, the output of which is unvarying in
amplitude, a certain amount of phase modulation (and consequently
frequency modulation as well) has been developed, and the frequency
modulation detector interprets it in the form of an output voltage or
current. The same phenomenon may occur if recurrent interfering
pulses overlap.
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IV. INTERFERENCE BETWEEN CARRIERS

If two transmitted carriers are received at one time and the beat
between the two is at audible frequency, the sum of the two produces
both amplitude and phase (or frequency) modulation. If one is twice
the amplitude of the other, the resultant phase modulation amounts
to =+ 26.5 degrees regardless of the frequency of separation.
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This is shown in Figure 5. However, as pointed out in the first
part of this discussion, the amount of frequency modulation resulting
from a given amount of phase modulation is a function of the modu-
lating frequency, which in this case can be assumed to be the frequency
of separation of the two waves. Thus if the two frequencies are
separated by 15,000 cycies, the equivalent frequency deviation of the
frequency modulation amounts to approximately 7000 cycles per second.
However, if the frequency of separation is only 100 cycles, the same
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amount of phase modulation produces a freq'uency excursion or devia-
tion of only 45 cycles per second.®> Since the output of the frequency-
modulation detector of a frequency-modulated wave receiver is depend-
ent only upon the deviation, or excursion, from the mean frequency, it
can be seen that the output will be 150 times greater when the carriers
are separated by 15,000 cycles than when the separation is only 100
cycles. It is for this reason that the beat note between two frequency-
modulated carrier wave stations becomes inaudible as the frequencics
are brought closer and closer together.

V. FREQUENCY-MODULATION METHODS

A frequency-modulated wave transmitter should emit a wave of
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unvarying amplitude with a frequency deviation about its mean
(carrier) frequency in perfect conformity with the speech or program
modulation. This neglects the matter of high-frequency pre-emphasis
which will be discussed shortly.

There are two basic methods of producing this desired result. In
either case, however, and unlike amplitude-modulated wave transmit-
ters, the modulation takes place at the source of the transmitter
frequency-determining circuits. Thereafter, the original oscillator-
frequency energy may be amplified, multiplied in frequency, or
heterodyned to any other frequency without altering the modulating
components except to the extent that any multiplication of the source

? Actually when a single side component “phase modulates” an existing
carrier, as in this case, the frequency modulation is not symmetrical. How-
ever, with a two to one ratio of original amplitude the “peak to peak”

frequency shift is nearly equal to the values which the above figures would
indicate.
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frequency increases the deviation by an equal factor. Thus a doubler
stage not only doubles the carrier frequency but also doubles the
deviation width.

VI. MODULATION OF PHASE TO PRODUCE FREQUENCY MODULATION

One means of producing frequency modulation is first to “integrate”
the program material and then phase modulate some low-frequency
source of energy; subsequent frequency multiplication can increase
the resulting frequency deviation to any desired amount. After the
desired band width has been obtained, the carrier with its modulating
components can be heterodyned either directly to the transmitter
frequency or to some sub-multiple thereof. In the latter case, additional
deviation and band width are obtained by the subsequent multiplica-
tion to the transmitter frequency.

The integrating process usually consists of obtaining the potentials
across a pure capacitive reactance in the plate circuit of a high
impedance vacuum tube whose grid is supplied with the normal audio
components. This causes a phase delay of 90° at all modulating frc-
quencies and gives the program material an amplitude characteristic
which is inversely proportional to frequency. If high-frequency pre-
emphasis is to be used, the plate circuit may have a resistance in serics
with the capacitance with the output potentials taken across both.
This allows more of the high-frequency components to enter the
modulating circuit than would otherwise be the case. Present-day
practice in pre-emphasis of both amplitude and frequency-modulated
wave transmitters is to use a pre-emphasizing circuit equivalent to a
series L/R network having a time constant of about 100 microseconds.
Therefore, if the program integrating circuits for a phase-modulating
frequency-modulated wave transmitter are to perform the pre-emphasis
function also, the CR series combination must have a time constant of
that value. Of course, the integration and pre-emphasis functions may
be performed in separate stages, but it seems desirable to combine the
two and thus prevent the extremely wide discrepancies between the
levels of the low-frequency and high-frequency components of the
program material at any point in the preparatory networks.

If the original frequency which is to be phase modulated by the
prepared (integrated) program is produced by a crystal oscillator or
other stable source of oscillations, the usual method of procedure is to
amplitude modulate some of the energy at that frequency in a balanced
modulator and then to re-insert carrier energy with an exactly 90°-
phase rotation. The result is the same vectorially as is shown in
TFigure 6. The output contains both phase and amplitude modulation.
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The amplitude modulation has little or no significance since it is
always “limited” off in subsequent stages, but it is interesting to note
that at least with sine-wave modulation, all amplitude modulation is
at even harmonics of the modulation frequency without any of the
fundamental being present. This is shown by the fact that the vector
representing the carrier maximizes at each end of its phase excursion
or twice each modulating cycle.

The developed phase modulation can be seen to be a function of the
amplitudes of the horizontal vectors in TFigure 6, which have been
derived from the balanced modulator. As long as the angle, whose
tangent is equal to the sum of the modulating vectors divided by the
carrier vector, does not exceed 30° (the range through which the

FROM BALANCED
MODGE /i OR

—__
T~ REINSERTED
CARRIER

Fig. 6

tangent is approximately equal to the angle) the phase modulation cun
be said to vary linearly with the modulating components.®

The peak-frequency deviation of a frequency-modulated wave is
related to the peak-phase deviation by the expression

360 Frequency Deviation

p=-—x -

2w Modulating Frequency

in which ¢ is the peak-phase deviation in degrees.

If it is desired to produce a frequency deviation of =+ 75,000 cycles
with a 50-cycle modulating frequency, the phase displacement would
amount to = 86,000 degrees. If the assumption of 30 degrees for the

3 Actually 30° phase modulation by this process results in nearly 10 per
cent harmonic distortion, but since the resulting frequency modulation is
a function of the product of the phase deviation and the modulating fre-
quency the maximum phase displacement is required only for full modula-
tion at the lowest modulating frequency.
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maximum permissible-source modulation is divided into 86,000, the
required carrier-frequency multiplication is seen to approach a value
of 3000 times. If the original phase-modulated frequency is, say, 200
ke, eight “doubler” stages, providing a multiplication of 256 times,
would give an output frequency of 51.2 megacycles. This frequency
might then be heterodyned down to one-twelfth of the desired final-
transmitter frequency. Two additional doubler stages and a tripler
stage would then provide the correct carrier-output frequency and an
overall multiplication of 3072. Obviously the heterodyning process has
no effect on the absolute frequency deviation.

A sytem for phase modulation capable of producing phase devia-
tions of several hundred degrees was described by Mr. R. Ii. Shelby
of the National Broadcasting Company in a paper presented at the
annual meeting of the Institute of Radio Enginers in New York in
July, 1939. This system utilizes a cathode-ray tube of special design
having a spiral target, which is scanned by a circularly deflected beam
rotating at the carrier frequency or some sub-multiple thereof. The
diameter of the circular pattern is varied in accordance with the
desired modulation, and thereby alters the phase of the cycle at which
the beam strikes the spiral anode. Output circuits connected to the
spiral electrode can then extract the phase-modulated energy. This
energy requires less frequency multiplication to produce a desired
frequency deviation.

VII. DIRECT FREQUENCY MODULATION

A more direct system for producing frequency modulation utilizes
a “reactance tube”, similar to those used for automatic-frequency
control, directly across the tank circuit of an oscillating vacuum tube.
With this arrangement the transmitter-output frequency may be modu-
lated directly without the need for frequency multiplication. However,
it is usually convenient and desirable to use some doubler or tripler
stages similar to those employed in a high-frequency amplitude-
modulated wave transmitter. Of course, the source frequency cannot
be crystal controlled directly, but carrier-frequency control can be
maintained by heterodyning the carrier wave with a crystal-controlled
oscillator to some low value, which is caused to operated a sensitive
discriminator circuit. The output of the discriminator in turn affects
the d-c¢ bias of the original reactance control tube in the proper manner
to correct for mistuning or frequency drift of the source oscillator.
Carrier-wave stability within the limits of a few hundred cycles, even
for a 40-Mc transmitter, can be maintained in this manner.
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VIII. GENERALIZED FREQUENCY-MODULATED-WAVE
RECEIVER CONSIDERATIONS

The radio frequency, first detector and intermediate frequency
circuits of a frequency-modulated-wave receiver are identical basically
with those in an amplitude-modulated-wave receiver. The only impor-
tant difference is in the width of the pass band, which is generally
several times greater in the frequency-modulated-wave receiver.

A detector of amplitude modulation, of and by itself, is immune to
variations in the frequency of the applied wave. There can be no
exact counterpart in the form of a frequency-modulation detector
immune to amplitude variations. Zero amplitude is bound to produce
zero output from any detector, so the output of all detectors must
be some function of amplitude.

For this reason the second detector of a frequency-modulated-wave
receiver is usually preceded by a limiter stage whose output is constant
for wide variations in the amplitude of the applied signal. However,
this is necessary only because of the inherent limitations of the detector
and thus it might properly be considered as an integral part of the
detection circuit.

Another characteristic of the usual frequency-modulation detector
still further reduces its output response to amplitude variations. This
is occasioned by the common practice of using so-called back-to-back
or ‘“push-pull” detectors. These are so arranged that a frequency
deviation in a given direction causes an increase in the current or
voltage output of one, while simultaneously causing a decrease in the
output of the other. Both detectors, however, respond similarly to
changes in amplitude of the applied wave. Thus with the output
circuits of the two connected in series opposition, amplitude variations
can act only to increase or decrcase the ‘“sensitivity” of the combina-
tion to frequency modulation, and cannot produce output in the
absence of frequency deviations.
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RCA Manufacturing Company, Inc., Camden, N. J.

(Continued from January, 1941 RCA REVIEW)

PART 1II

APPENDIX 1—PERFORMANCE OF CIRCUITS OF FIGURE 1
The performance of Figure 1-a is

E, ¢
Eo— B joL + 7
r/L
B jo + 'r/z

Letting 8=1»/L

and A = gain at zero frequency = unity

B,
E, jo + b
=3 pye———
l E, l Vo + B2

E, 1

Im
o juC + 1/R
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Letting A= 1—
RC
and A = gain at zero frequency =g,R
E, B
E,  je+B
El o B
B, | VR

APPENDIX 2—PERFORMANCE OF CIRCUITS OF FIGURE 2

The performance of Figure 2-a is:

R
E, 1+ jReC
E, R
» + joL + ——
1+ jRoC

R

1 — w?!RLC + jo(rRC + L)+ R

1 1
LC 1 7 r+R 1
—0® + jo| — 4+ — | +
RC L, R LC
R (’l‘ +R 1 1
r+ R R LC 1 r r+R 1
— o+ jo| — +— [
RC L R LC
. 1 r
Letting a=— 4+ — (the damping factor)
RC L B
r+Rk 1 .
B= —_— (the nominal cut-off frequency)
R LC
R
A= (the gain at zero frequency)
r+ R
E, B
— =4
E, — 0* + joa +62
E, B2
E, Vol T ot (e =28 + B7

www.americanradiohistorv.com


www.americanradiohistory.com

CASCADE AMPLIFIERS WITH MAXIMAL FLATNESS 483

The performance of Figure 2-b is:

| El gm r
E, | 1 1 joL + 1
JjoC + —+ ——
joL + 17
R
=g _——'_—"T—_— R
— o) LCR + joCrR + joL + r + R
1 1
=gur— - - - -
1 r r+R 1
— o+ jo S e
L R LC
rR <1 +R 1 1
=0m - _ T
*r+R\ R LC 1 r r+R 1
— o'+ jo +—]+ -
L R LC
1
=AB ——
— w® + joa + B
| El BZ
Eo ® +w2(a‘—-2ﬂ')+ﬂ4
These are the same expressions as those obtained for Figure 2-a,
R
but it must be remembered that A had the value there, while
r+ R
R
for Figure 2-b, A has the value g, —— .
r+ R
APPENDIX 3
E, E,
The derivative of —— ——- | with respect to ® is
E, E,
d E, E,
. - | = (A4, ---) (BB =)
do® | E, E,

2"*2 + (n - l)C" 10)-1,,__4 + (n - 2)Cn_00)0n—8""‘ - + C]

(qu + Cn 1w..n——Z + C ..n—l -+ Clw + Ble- - __)3/2
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If above equals zero, then
no® i+ (n—1)C,_ 0t +(n—2)C, 0™t ~—— + C,=0
Setting w=0
C] =0
Setting successively higher derivatives equal to zero at o = 0 makes

other coefficients go to zero up to the (» — 1) th derivative which makes
C,_, go to zero.

APPENDIX 4
The values of the nth root of (—1).

From the standpoint of the theory of the complex variable,

—1=¢e/" (where j=+vV—1)
= e/m e27n—1)  where m is any integer
= eirm(14m—2)
— gim(@2m—1)

(_ 1)1/11 — ej‘;T/ll (2m—1)

ks 7] T
—= o8 [— (2m — I)J—i—jsin ,:_ 2m — 1)]
7 n

m may be taken as any integer, but the roots start to repeat if values
of m are chosen larger than n. Therefore, all the roots are found by
assigning successive values to m from 1 to #.

The geometric interpretation of the roots, for n equals 8, is shown
in Figure 3. The relationship between conjugate roots is also shown.

APPENDIX 5

p,°
Proof that if w =p — ——, then o is the width of the band between

D
frequencies of equal attenuation.
If p, is any fixed value of the angular frequency p and if P, is a
value giving equal and opposite reactance to that at p,, (in a circuit
resonant to p,) then

2 I
o=pP; — = =P, + ——
D1 Do
> (py + Do)
Pyt Py =
D1P2
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Therefore, Py == P1Do

L 2
Then if w=p; —
D1
Dy P2
0=p ——
P
=Py D2

Hence, the logical interpretation of o is the band width between
any two points of equal attenuation on the performance curve.

APPENDIX 6—THE PERFORMANCE OF THE CIRCUIT OF FIGURE 7-a

’ M
In Figure T-a, the coefficient of coupling is K =——— The whole
VL,L,

primary circuit is resonant below p,. It is resonant to p, if a portion
of the inductance equal to L,K* is omitted. If L, could be replaced by
two inductors, one having no coupling to L, and the other coupled 100
per cent, the portion coupled 100 per cent would have to have an
inductance equal to L,K? in order for the mutual inductance between
primary and secondary circuits to be unchanged.

In a transformer having 100 per cent coupling and no internal
resistance, impedances may be changed from one winding to another
by multiplying the impedance by the square of the turns ratio. The
only effect on the signal in the impedance is to multiply the voltage
by the turns ratio. The effective turns ratio is L,/M (because L,
M*/L}=M*/Ly=L,K*).

L2 M

Thus Cs—; and R may be considered to be shunted across
M?

2

8

L,K* in Figure 7-a, thus giving the band-pass analogue of Figure 2-a.
However, the actual output voltage of Figure 7-a is larger than that
of the equivalent circuit just described, by the ratio L,/M.

In view of this equivalence, it can be seen that the performance of
Figure 7-a is:
E, B
= A
E, Vol + o (@ —28%) + B!

where A = gainat p =p, (or o =0)
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M2
R—o
L L,
B M M
r+ R—
L2
For Figure 2-a
‘ r+R 1
g = N
R LC
Hence, for Figure 7-a
M2
r+ RBR—-
L2 1
32 —
M3 L2
R— L,(1—K? C,
L2 M2
rL2? 1 1
= +
L} L;
RM* Lp (1—K?) C,— L,(1—-K)C,—
M2 M2
7 1 1
= +
L, (1—K?) RC, L,L,
LC,—— (1—K?»
M
K2
= a0y + p,,z —
(1—-K?)

If o= a,=e/2

kis
then e, = a?/4 = B2sin?| — (2m — 1):|
2n

Substituting this for e,e, in above equation for B2,

T K3
BE=psin?| — 2m —1) |+ p.2?
2n 1— &

K? . T
then Do* —=p*{1—sin?| — (2m — 1
1—K? 2n
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T
= B%cos® | — (Zm — 1):|
2n

™
Letting b = 8/p, cos \:—— 2m —1) :l
2n

K2 = b — b2K?
b2
K2 =
140
b
K= -

V1 + b2

Of course, if b is small, b2 may be neglected and K ~ B8/p, cos

— (2m—-1)
2n
1t should be remembered that this is only for equal damping factors
in primary and secondary circuits. If all the damping can be concen-

ke
](the symbol =~ means “is approximately equal to.”)

trated in one circuit, then:

KE
B =p,?
1—K?
B/ps ‘
K= if (B8/p,)? can be neglected

v1+ (B/p,)°
K =~ B/po
APPENDIX T—THE GAIN ofF FIGURE 7-b
The gain of Figure 7-b at p = p, may be calculated approximately

as follows:
The ideal condition of R, = « is assumed.

The primary resonant impedance is

p,2L 2
°r (See Appendix 6)
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The ratio of the voltage across L, to that across the reflected re-

M2
sistance <Rs —) is approximately
L 2

8

M2
R,
L2
p.L,
M‘l
The step-up ratio from the voltage across R, to the output
L, .
voltage is —.
M
Then, the gain is
M?
R,
poszz L82 Lv\“
A =~ [ _—
M plL, M
R, —
L 2

the symbol ~ means, “is approximately equal to.”

L, 1 1 1 VL,L,
=gy-— —— —— VL, L —
M », VL,C, VLC M

8

A ~ Im poLp

1 1 1

—Ym T — -

P, VC,C; K

1

=~ Gm T

BVC,C,

It should be noted that the gain is independent of « and, hence,
independent of m.

APPENDIX 8—BAND-PASS CHARACTERISTICS FROM A CASCADE AMPLIFIER
EMPLOYING A SINGLE RESONANT CIRCUIT IN EACH STAGE

(A) Direct method.

In the following, n stages are assumed to be operated in cascade.
If n is odd, one stage is tuned to p, the mean pass-band angular fre-
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quency. The remainder of the stages are considered in pairs. If n is
even, all the stages are considered in pairs. In each pair of stages,
one is tuned to a higher frequency p, and one to a lower frequency p,
in such a manner that p,p, = p,%.

The value of p, (and of p,) is different for each pair.

The circuit of each stage is assumed to be that of Figure 8. The
performance of the stage resonant to p, is:

E, 1
D gm
E, 1 1
pC + —— + —
jpL R
1
p,CR
= ng -
. 1
7(p/ Do~ Po/P) + ——
D.CR

4 1/Q
7 (P/Po—Do/P)+ 1/Q

where @ = RCp,. (The distinction between @ and ¢ should be noted.
The value of q is RCB.)

Ey | /e
=A

E,

(p/po - pn/p)z + 1/Q2
Similarly, the performance of one of the detuned stages is:

1/Qq
=4

a

VD/Po— /D) + 1/Q,1

=

E,
where A, =y,E, = gain at p = p,
Q.= E,Cp,

The performance of the other stage is:

Eb I/Qb

| — Ay~ T

E, V' (®/p, — 0,/ + 1/Q,7
now D/ Do — Pa/P =D/Do Po/Da — Po/P Da/Do
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Letting x=1Inp/p,;; y=Inp,/p,=Inp,/n,
e*=p/p,; e =p,/D,
2sinh x =p/p, — p, 'p; 2sinhy=p,/p, — p,/ps,
2sinh (2 + ¥)= p/Py Po/Da— Do/P Da/Ds
= P/Pq— Pa/P

2sinh(x — ¥)=p/p, DPo/Dy — P/D D,/ D

=p/py — Do/ P
E, 1/Q,
‘ = Aa 5 —
E, VAsinh*(z + y) + 1/Q,7
Eb I/Qh
— | =4, — —
E, VAsinhi(z —y)+ 1/Q,F
Ea Eb I/Qq, l/Qh
=-A 44—
E, E, V (4 sinh*(x + ¥) + 1/Q,2) (4 sinh?(x —y) + 1/Q,*

Letting @, = Q, = @ the portion under the radical becomes:

16 sinh®*(x + y)sinh?*(x — y) + 4/Q*
[sinh*(x + y) + sinh® (z — )] + 1/Q*

Now sinh®(z + ¥)sinh®*(x — )
= [sinh?® x cosh? ¥y — cosh?  sinh? y]?
= [sinh? z (1 + sinh? ¥) — (1 4 sinh? x)sinh? y]?
= [sinh? x — sinh? »]?
= sinh*  + sinh* ¥y — 2 sinh? x sinh? y
Axd sinh?(x + ¥) + sinh®*(x — ¥) .

= [sinh z cosh ¥ + cosh z sinh ¥]?*
+ [sinh x cosh ¥ — cosh z sinh ¥]*®

= 2 sinh? x cosh? ¥ + 2 cosh? x sinh? ¥
= 2 sinh%r (1 + sinh? %) 2 sinh?y (1 + sinh®x)

=4 sinh? z sinh? ¥ + 2 sinh®* z + 2 sinh®* ¥y
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So that
‘ E, E, A A, 1/Q?
E, E,

/‘/l(i[sinh‘1 2 + sinh? ¥ — 2 sinh? o sinh? y]
+ 4/Q%[4 sinh? x sinh?y + 2 sinh®>z + 2 sinh?y] + 1/Q*

Letting 2sinha =w; 2sinhy=s
Ell Eh

E, E,

AaAb l/QZ

VT P2 — 5/QT — 2/ Q%] + [5° T 1/Q°

If n stages are placed in cascade the performance of the overall
amplifier is:

(1/Q:* 1/Q*---)
\/w‘lu _|_ 202"_20"_1 e — - wZCl + ann

=(A414,---)

‘ E,
where A, is the value of A A4, for the first pair of stages, A, is the
value of A, A4, for the mth pair of stages.

Q, @.---@Q,, are the various values of @ for the various pairs of
stages.

n

E,
w?) equal to zero at the point w =0 gives the flattest curve. This
makes

Setting the first (= —1) derivatives of (with respect to

C,L_1=C,,_g———=CIZO so that
n (1/Q:* 1/Q.*---)
=(A4,---)
Eo \ /wZn + Coﬂn

wtt 4+ C 2 may be factored into n factors of which the mth factor
is:

ki ™
w? — C,? [ cos [——(Zm — 1):, + 7 gin [—(Zm — 1):':, (see Appendix 4)
n n
! ki ™
the conjugate is w* — C2| cos | —(2m —1) |—jsin| —(2m — 1)
n n

™
the product is wt — 2w?C,? cos [—(Zm —1) :l +C,t
n
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For maximal flatness in the overall curve, this expression is set
equal to the trinomial under the radical in the general performance
equation for the mth pair of stages.

ks
w* — 2uw?C,? cos [—(2m = 1)] +C,t
n

=w! —w? [25? —s2/Q? —2/Q%] + [s* + 1/Q*]
Then

Cr=s'+1/Q°

and

—2C,cos [1(2m — 1):| = — 282 +82/Q*+ 2/Q*

n

=—282+(s*+2) (C2—s?)

kis
s4+82(2—002+2)—002< 2 cos |:—(2m—1):| +2 >:0

n

Crl—4 cr—4 . T
s?= -+ +C2 | 2cos| —(2m—1) [+ 2
2 2 7
4—Cp2 4+ C2\°2 T
- — + —C2l{2—2cos| —(2m —1)
2 2 "

1/Q*=C—s°

e V(HC{FY < [ ])
= — —C2l2—2cos| —(2m—1)
2 2 7

The last two equations are equivalent to a pair of equations given
by Von Rudolph Schienemann in Telegraphen Fernsprech—Funk—Und
Fernseh Technik, January, 1939.

This can be simplified considerably if it is assumed that C? is
quite small.

C,2 T
s?= — 2+ 4/4—{—20‘,2—{—C,,4/4—2C‘,2—2C,,2cos |:—(2m——1):|
2 n
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neglecting C,*

C,? C2 T N
2~——— 242 14+ —cos| —(2m—1)
2 2 n
C? T
~C2/2—2+2(1+—-cos| —(2m—1)
4 n
™
=C2/2{1+cos| —(2m—1)
n

At the point where the overall response drops to 1/V/2 ; w? = C 2,

or w=C, Butw=p/p,~0,/p=1/p, (p—1,>/p)=f/p,. Therefore
C,= B/p, where B is the band width at 1/V/2 response.

pb - pa ™
S:pu/pa_pu/po: %iﬁ/pocos —(2m_1)
Do 2n

™

Dg — Pp =~ B cos ——(2m—1)]
2n

similarly,

1/Q =~ B/p, sin [1(2771, — 1):|
2n

It should be noted that although
Q.= Q,
Q.= RC,p,, while Q,= R,Cp,
so that R, = R,p,/p,.

However, if {8 is small so that p,/p, ~1 then E,~ R, making this
assumption :
1
1/Q =

i a/po
ECp,
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1 T
a=~-—=fBgin| —(2m — 1)

RC 2n
1
R =z
T
CBsin] —(2m —1)
2n
IMAG INARY
AXIS
m=4 a,
m=3
%y
m=2

GEOMETRICAL  INTERPRETATION  OF
a= BSIN[EL (zm-n)]Ar«l)l%s.,eoos[g}l (zm-1)] = P a
FOR n=8
(8 STAGES WITH ONE TUNED CRCUIT PER STAGE )

Fig. 11.

A geometrical interpretation of « and of p, — p, is shown in Figure 11.

THE GAIN PER STAGE
The performance of a single stage is:

A, 1

E,
=9m

E,

Qe V@/p,—p./0)*+1/Q,2
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Letting p =p,.

EG Rﬂ ]'
| = 09n
E, R, Cp, Vs$*+1/Q.°
1 1
=0m T
e C
gﬂl p()
Cp. B
g“l
BC

The gain of a pair of stages is accurately:

2
In Do On Do < I >
Cp, B Cp, B BC

(B) Indirect Method.

because p,? = p,py.

As a check on the algebra, it is interesting to note that the same
result may be obtained from the solution for Figure 7-a described in
Appendix 6.

Identical circuits coupled together, as in Figure 7-a, may be re-
placed, from a selectivity standpoint, by the same circuits cascaded
and mistuned by plus and minus M.

The frequency of resonance of one circuit becomes

1 Do
Dy = = =~ p,(1 + k/2)
VCL(1 —k) vV1i—k
Py~ D,(1 —k/2) (for the second circuit)
Do — Py =~ DK

m™

~fBcos| —(2m —1) (from Appendix 6)
2n
1 T

ay~ay~—a=PfBsin| —(2m—1)

2 2n
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APPENDIX 9—COMPARISON TO CONVENTIONAL FILTERS
For maximal flatness in a cascade low-pass amplifier, when n =3,
two stages are required, a single-element stage (like those in Figure 1)
and a two-element stage (like one of the circuits of Figure 2). In
the latter,

m ™ ’
a/B=2sgin l:—(Zm — 1)] = 2 sin — = 1. Thus, if the circuit of Fig-
2n

6
1
ure 2-a is chosen and r =0, then «/f =— =1,
RCB
1
R=—
BC

It will be shown that a one-section low-pass filter is equivalent to
the above. This circuit is given in Figure 9.

If the circuit is broken at the point P, the voltage to ground of
the point at the left of the break will double. This is true because of
the impedance match at P. The circuit is symmetrical about this point.
If the two circuit fragments are operated separately, the product of
the two curves divided by two is the curve of the original circuit.
Since the first half, works into an open circuit, the inductance L/2
may be neglected. The circuit has now become the same as Figure 1-b.

1
For the circuit of Figure 1-b, 8 =——. Due to labeling, the con- °
RC
denser C/2 in Figure 9, this becomes:
1 2 2
B = = = —
RC/2 VL/CC VLC
2
The cut-off angular frequency of the low-pass filter is also
VILC

The second fragment of the circuit can be seen to be the same as
Figure 2-a (with r =0) except for labeling. For Figure 2-a (n =3,
m=:-1),

ool
VILC
1
““re
a/B = 1.
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For the fragment of Figure 9, under discussion, the corresponding
values are (due to labeling the elements L/2 and C/2).

1 2
B = = = cut-off of filter.
VvL/2C/2  VLC

1 1 2
And a= = =

RC/2  VIZCC/Z VIT
a/B=1

The circuit of Figure 9 is thus seen to be equivalent in selectivity
to a maximally flat cascade amplifier with n = 3. .

It may be noted in passing, that if resistance is present in series
with the inductance, the circuit may be readjusted for maximal flatness
anyway, unless the resistance exceeds a certain critical value. The
solution is to use unequal terminal resistors of critical values deter-
mined experimentally.

THE Two-SECTION Low-PaAss FILTER

A two-section low-pass filter is shown in Figure 10. If this circuit
is bisected by breaking the circuit at P, the two fragments may be
operated separately. The product of the two curves divided by two is
the same as the curve on the original circuit. In the fragment on the
right, the first capacitor is shorted by the generator. The circuit is
thus seen to be equivalent to Figure 2-a (with »r=0).

The parameters are:

1 V2
B = = + cut-off frequency of low-pass filter
VLC/2 VLC
1 1 2
ax — pu— =
RC/2 NL/C C/2 VLC
V2
B/a=—-

This does not correspond to any of the values of 8/« tabulated for
a maximally flat amplifier with n=>5.

Therefore, the two-section low-pass filter of Figure 10 does not
have the flattest performance curve that may be obtained with 5
reactance elements.
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A NEW SERIES OF INSULATORS FOR
ULTRA-HIGH-FREQUENCY TUBES

By
L. R. SHARDLOW

Research and Engineering Department, RCA Manufacturing Company, Inc., Harrison, N. J.

Summary—The clectrical properties of power factor and dielcctric
consiunt, and the pirgsical properties of porosity und fiving shrnkage have
been determined on an alumina-tale-silica series of ceramic bodies. The effect
of body composition and firing temperature on the above properties is
shown, and some theoretical considerations of these are discussed. It is
shown that while small amounts of Auw may be advantageous, large wnounts
are detrimental to the electrical properties. On the other hand large
amounts of flux may be beneficial in the production of the desirable physical
properties.

used at high frequencies have depended almost entirely upon

natural silicates or fused silica as sources of insulation. The
cost and difficulty of fabricating fused silica into complicated shapes
have been its chief disadvantages. Among the natural materials, acid
magnesium metasilicate, commonly known as soapstone or massive tale,
has been widely used. It has one advantage not found in other high-
frequency insulators in that it is easily machined to shape in the raw
state before being hardened by firing to approximately 1100°C. How-
ever, as conditions of use became more exacting because of trends to
higher frequencies and higher temperatures of operation, the insulat-
ing qualities of this natural material proved to be inadequate.

When the development of high-frequency tubes having close-spaced
electrodes began to show the faults of the natural silicate, the ceramists
manufactured a material composed of approximately 80 per cent talc.
This material, which was better in general than the natural silicate
because of a lower percentage of impurities, filled a need at the time,
but it was not long before it was judged to be unsatisfactory for the
insulation requirements of the newer high-frequency tubes. The de-
mand for better insulation finally became so acute that it was found
necessary to develop material especially for this application.

Aluminum oxide was chosen by the author as the base material for
the developmental program because of its known electrical character-
istics at the frequencies of interest. The use of this material alone,
however, presented several disadvantages, chief of which were, (1)
relatively low mechanical strength for firing temperatures below
1600°C, and (2) extreme abrasive action on dies used for forming the

UNTIL the past few years, designers of transmitting tubes to be
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insulators. To overcome this first disadvantage, it was necessary to
add a flux to the base oxide. If possible this flux should be non-abrasive.
Talc and feldspar were the only two fluxing agents that offered pos-
sibilities of meeting these requirements, but feldspar had previously
shown poor results when used in the high-frequency field. Tale had
the desired properties of having a relatively low melting point (ap-
proximately 1300°C) and of being non-abrasive (hardness of 1 on the
Moh scale). Previous tests had demonstrated that when tale was used
with a refractory material such as aluminum oxide, it had a tendency
to “drain”, or melt and flow to the bottom of the specimen. This action
resulted in 2 non-homogeneous insulator, or spacer. To overcome this
disadvantage, it was found expedient to add some oxide which would
not interfere with the bonding action of the fused talc, but would react
with it to make the resulting flux viscous enough to prevent “draining”.
For this material, silica (ground quartz) was chosen because of its
good electrical properties at high frequencies. A mixture having a
ratio of three parts tale to two parts silica showed promising results
as a flux for alumina.

On this basis as a starting point, the following series of ceramic
bodies was made:

TABLE 1
Body No. Percentage of Materials in Body
Al,0, Tale Sio,
1. 1009 0% 09,
/2 90 9% 69% 49,
2 2 809% 129, 89%
4 709% 189, 129,
5 S 609 249, 16%
G v e 509, 309% 209,
Y 409, 369% 249,

To obtain intimate mixtures of these materials, it is important that
the individual grain sizes of the components be as small as possible.
It was found that when 90 per cent of the material was 2 microns or
less in diameter with no particle larger than 70 microns, a mixture
permitting economic operation was obtained. These oxides were blended
with an organic binder, crushed, and pressed under pressure of 5000
pounds per square inch into the desired shapes for testing. These test
pieces were fired in an air atmosphere at temperatures of 1300°C and
1400°C, in a firing eycle of six hours, the top temperatures being held
for 1% hours.

The desired electrical and physical characteristics of a high-fre-
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quency insulator for vacuum tubes are: (1) low power factor, (2) low
dielectric constant, (3) high mechanical strength, (4) high porosity
or zero porosity, and (5) low linear firing shrinkage. Zero porosity
is difficult to obtain except with a perfect glass, such as fused quartz.

Table 2 shows power factor and dielectric-constant measurements
for 60 megacycles per second at 25°C and 400°C for fused quartz,
magnesium metasilicate, and some of the glasses used in vacuum tubes.

TABLE 2

(Measurements made at 60 megacycles per second)
Power Factor X 101 Dielectric Constant

Material 25°C 400°C
25°C 400°C
Fused Quartz (milky)..... 3 5 3.5 3.4
Fused Quartz (clear)..... 3 6 3.8 3.6
Magnesium metasilicate—

Italian origin ......... 13 62 4.7 4.7
Glass 707 (Borosilicate) ... 12 103 3.7 3.7
Glass 772 (Nonex) ....... 28 286 4.2 4.4
Glass 774 (Pyrex)........ 54 679 4.1 4.6
Glass 008 (Soda lime)..... 106 E 6.1 —

* Power factor too large to be measured with available equipment.

Figures 1 and 2 show similar data on specimens of this series fired
at both 1300°C and 1400°C. These measurements, as well as those in
Table 2, were made by Dr. J. M. Miller, formerly of this laboratory.!
Although measurements were made at 60 megacycles and 120 mega-
cycles, the results corresponded so closely that only one curve plot for
the series was considered necessary.

From the data in Figures 1 and 2 it appears that Body No. 2 has
the best electrical properties at elevated temperatures, and that when
fired at 1400°C it is slightly better than when fired at 1300°C. On the
other hand, Body No. 3 fired at 1400°C is indicated as the best material
when measured at room temperature. The difference in power factor
at 400°C and 25°C is outstanding, and while all of these compositions
might be considered good for use at low temperatures, elevated-tem-
perature application limits the materials to the first three bodies.

It can be said, in general, that a ceramic body containing a mixture
of crystalline material in a glassy matrix possesses poorer electrical
properties at high frequencies than those compositions composed en-

1J. M. Miller and B. Salzberg. “Measurements on Resistors and Insula-
tors at Ultra-High Frequencies, RCA REVIEW, Vol. ITI, No. 4, pp. 486-504
(1939).
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tirely of crystalline or crypto-crystalline materials.? There are two
methods of obtaining this latter condition: (1) the development of a
glassy matrix composed of readily combining oxides, and the cooling of
the matrix so slowly that it devitrifies or crystallizes during the cooling
period, or (2) the use, in the original composition, of an extremely
high percentage of crystalline material with small amounts of flux,
which functions only to cement the particles of crystalline material
together. The first method is difficult to control since its whole success

R R
I — SPECIMENS FIRED — | l— SPECIMENS FIRED —|
AT 1400°C AT 1300°C
100
80 / 80
- /
)
- /
« 60 2/ ¥, 60 -
o S =
i v/ x 00"(7
: / g ).d
=
@ 40 40
5 4 g 7
3 / V. /
a
/| ¢ /
20 %5 o 20 /
/ o / o
25°C
™ A N, S e it
0 0
I 2 3 4 5 & 1 I 2 3 4 5 6 1
8ODY NUMBER BODY NUMBER
Fig. 1A Fig. 1B

depends on two separate reactions, the correct combination of which
results in good recrystallization, but slight deviations from the ideal
conditions result in poor devitrification and a consequent non-homo-
geneous specimen. The second method is easier to control, particularly
when the crystalline material is not easily soluble in the flux. Since
some devitrification can be expected on cooling, the resultant percentage
of glassy bond is usually lower than the percentage of flux used. The
amount of flux that can be used depends, to some extent, on the nature
and chemical properties of the inactive material. This, it is believed,
explains the good high-frequency properties of Bodies No. 1, No. 2, and
No. 3.

2 H. Thurnauer. “Review of Ceremic Materials for High-Frequency
Insulation”. Jour. Amer. Cer. Soc., 20, 11 (1937).
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As the percentage of flux is increased, more of the non-glassy ma-
terial will be taken into solution, and the conditions outlined under
Method 1 will be approached. It will be noted that the active flux
content (tale) of Body No. 3 is only 12 per cent (the actual amount of
Si0, taken into solution is difficult to determine), and that those bodies
containing larger amounts have a rapidly increasing power factor (as
measured at 400°C) with increasing flux content.

Flux content also affects the mechanical strength, porosity, and
firing shrinkage. As the flux content is increased, the mechanical
strength increases, unless the firing temperature is high enough to

T T T

—— SPECIMENS FIRED —| —— SPECIMENS FIRED —
AT 1400°C AT 1300° C

b
/
’
/o
¢ %
/7 0

MY 400°C

P~ e am

DIELECTRIC CONSTANT (K)
pd
g
DIELECTRIC CONSTANT (K)
b
/

t 2 3 a4 §5 e 1 I 2 3 a4 5 & 17
BODY NUMBER BODY NUMBER
Fig. 2A Fig. 2B
cause a vitreous vesicular structure. If the fired material is cooled too
rapidly, however, the material will show the usual properties of glasses
(weak in tension and strong in compression). Of the compositions
investigated here, suffice it to say that Bodies No. 2 and No. 3 fired at
1400°C and Bodies No. 4, No. 5, No. 6, and No. 7 fired at 1300°C are
sufficiently strong to answer the mechanical requirements necessary
for vacuum tubes. Body No. 1 contains no flux and is consequently
mechanically weak at these temperatures.
It is to be expected that as the glassy content increases the porosity
will decrease. However, the flux content cannot be used as a direct
indication of the amount of glassy material that will be present in the
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final product, because the amount of devitrification depends on the
composition of the glass formed during firing and the rate of cooling.
Glasses high in Al,0, have a greater tendency to devitrify than do
glasses high in S70,, as shown by the production of matte glazes, which
are glasses so high in Al,0, content that devitrification takes place
spontaneously on cooling. Crystalline materials in general have a
higher density than glasses of the same composition. Crystalline quartz
and fused quartz are good examples. An examination of Figure 3 will
show that those bodies fired at 1300°C exhibit the usual trend of high
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